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ABSTRACT
A SURVEY FOR SEX DETERMINATION SYSTEMS IN EAST AFRICAN
CICHLIDS
By
Jennifer R. Ser 
University of New Hampshire, May 2007
African cichlids are at an early stage in the evolution of sex chromosomes. 
Their sex chromosomes have not become distinct from the rest of their 
autosomal chromosomes, and no morphologically distinct sex chromosomes 
have been identified (Kornfield, 1984). These fishes therefore provide a unique 
model for understanding the early stages of sex chromosome evolution. It is 
further speculated that evolution of sex chromosomes may have an effect on 
cichlid speciation as well.
Lake Malawi formed in East African ~700,000 years ago and contains a 
diverse flock of endemic cichlid fish (Danley at al., 2001). Within this flock the 
genus Metriaclima contains ~70 species. Genotyping of families from seven 
species of Metriaclima identified a male heterogametic (XX: XY) sex determiner 
on linkage group 7. The genotypes of three other Metriaclima species identified 
a female heterogametic (WZ: ZZ) sex determiner on linkage group 5. One
xiii
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species, Metriaclima pyrsonotus, was segregating both the male (XY) and the 
female (WX) heterogametic sex determination systems. Two outgroup species, 
Aulonocara baenschi and Pseudotropheus ‘dakarti’, segregate for the male 
heterogametic system on linkage group 7. Thus at least two distinct genetic sex 
determination systems are present within the Lake Malawi species flock. The 
male heterogametic (XX: XY) sex determiner localized to a 10 cM region on 
linkage group 7. Within this region, comparative mapping identified four 
candidate genes for sex determination. The female heterogametic (WZ: ZZ) sex 
determiner localized to a 7.6 cM region on linkage group 5. These sex- 
determining loci in haplochromine cichlids are on different chromosomes than the 
sex-determining loci identified in tilapia, which are on chromosomes one and 
three.
xiv




Sex determination can be controlled by intrinsic genetic factors, external 
environmental cues, or a combination of the two. Genetic sex determination 
factors (i.e. “genetic triggers”) are chromosomes that carry genetic information for 
a definitive sex (i.e. “sex-specific chromosome”) (Wilkins, 2002; Charlesworth et 
al., 2005; Rice, 1996). The XY and WZ are classic genetic sex determination 
systems with male (Y) and female (W) determiners. In many species the 
presence of a dominant sex determiner (a Y chromosome in an XX: XY system 
of sex determination or a W  chromosome in a WZ: ZZ system), determines the 
sex of the individual. In most mammals, the sex determination cascade is 
initiated by a single Y-linked gene (SRY) (Sinclair et al., 1990; Koopman et al., 
1991). The ratio of X chromosomes to autosomes (the X: A ratio) is another 
genetic factor that determines the sex of the individual (Bridges, 1921; Bridges, 
1925). In Drosophila melanogaster sex is determined by the activation of the 
most upstream gene, Sex lethal (Sxl) in the sex determination pathway 
(Pomiankowski et al., 2004; Schutt and Nothiger, 2000). The activation of this 
gene is dependent on a high X: A ratio (Bridges, 1921; Bridges, 1925;
1
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Pomiankowski et al., 2004; Schutt and Nothiger, 2000). Thus, individuals with a 
high X: A ratio of I are female, which carry 2X chromosomes: 2 Autosomes 
(2:2=1) (Bridges, 1921; Bridges, 1925). While males have a low X: A ratio of 0.5 
(1X chromosome: 2 Autosomes, 1:2=0.5) since they only carry one X 
chromosome resulting in the inactivation of the most upstream gene, Sex lethal 
(Sxl), as well as the rest of the downstream genes in this pathway (Bridges,
1921; Bridges, 1925; Pomiankowski et al., 2004; Schutt and Nothiger, 2000).
Sex can also be determined by external environmental factors such as 
temperature, pH, and hormones (Wilkins 2002; Oldfield, 2005; Rice, 1996; 
Schartl, 2004; Devlin and Nagahama, 2002). In organisms such as fish, 
crocodiles, and turtles, changes in temperature and pH have been known to 
determine sex (Graves and Shetty, 2001; Wilkins, 2002; Oldfield, 2005). In the 
European eel (Anguilla anguilla), growth rate coupled with density (i.e. number of 
individuals in an aquarium) during growth to sexual maturity will influence sexual 
differentiation (Huertas and Cerda, 2006). Growth rates vary among cultured 
European eels (Anguilla anguilla), which lead to high rates of mortality as a result 
of cannibalism (Gousset, 1990). Extreme culturing conditions with high densities 
produce male-biased sex ratios (Gousset, 1990). These male European eels 
(Anguilla anguilla) tend to grow faster than females (Davey and Jellyman, 2005). 
In this situation females grow slower as a result of allocating resources for the 
development of ovaries (Huertas and Cerda, 2006). Davey and Jellyman (2005) 
have speculated that sexual differentiation is strongly influenced by growth rate
2
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and proposed that individuals that are experiencing the same growth rates are 
the same sex.
Genetic Mechanisms of Sex Determination in Tetrapods
Both male (XY) and female (WZ) heterogametic sex determination 
systems are known in tetrapods. All therian mammals (eutherians and 
marsupials) carry a male heterogametic (XY) sex determination system (Ezaz et 
al., 2006; Grutzner et al., 2004). Most snakes and birds have a female 
heterogametic (WZ) sex determination system.
In mammals the presence of the Y chromosome determines the sex of the 
individual. Genes on the Y chromosome contain information that is “sex specific” 
for males (Charlesworth et al., 2005). The Y chromosome contains the SRY  
gene encoding, testis-determining factor (TDF), the sex-determining gene 
responsible for the male phenotype and spermatogenesis (Graves, 1998; Ezaz et 
al. 2006). SRY  is unique to mammals and seems to have arisen in that lineage 
about 150 MY ago.
The sex chromosomes of birds, a WZ sex determination system, yield ZZ 
genotypes as males while W Z genotypes produce females. The chicken Z 
chromosome contains DMRT1, a male sex determination gene, and this gene is 
absent on the W  (Nanda et al., 1999; Graves and Shetty, 2001; Schartl, 2004).
In other model organisms, genes closely related to DMRT1, such as doublesex in 
Drosophila and mab-3 in Caenorhabditis elegans, are involved in male sexual
3
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development (Raymond et al., 1998). At a critical phase of development where 
sexual differentiation begins, expression of DMRT1 is higher in males (ZZ) than 
females (WZ) (Raymond et al., 1999; Smith et al., 2003). Similar results have 
been observed in sex-reversed males (WZ), supporting the idea that DMRT1 is 
necessary for gonadogenesis and is a possible candidate sex determination 
gene (Smith et al., 2003).
These different sex chromosome systems (XX: X Y  and WZ: Z Z ) have 
evolved independently (Ayling and Griffin, 2002; Charlesworth et al., 2005; 
Charlesworth and Charlesworth, 2005). This independent evolution is supported 
by the fact that different genes are responsible for determining sex in the two 
lineages. This has lead to speculation that they arose from different autosomal 
chromosomes (Charlesworth et al., 2005; Ayling and Griffin, 2002). Recently it 
was discovered that monotremes such as the duck-billed platypus 
(Orniithirhynchus anatinus) carry multiple sex chromosomes observed in male 
karyotypes as X1X2X3X4X5Y1Y2Y3Y4Y5 (Rens et al., 2004). The X  ^ chromosome 
contains genes homologous to the mammalian (human) X chromosome, while 
the X5 contains genes homologous to the bird WZ pair (Ezaz et al. 2006). 
However, the DMRT1 gene has been identified on an X chromosome although 
the SRY  gene has not been identified (Ezaz et al. 2006). This intriguing result 
sheds some light on the early evolution of sex chromosomes in tetrapods.
4
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Evolution of sex chromosomes from autosomes
The evolution of sex chromosomes from autosomes has been best 
studied in humans. The first step in the evolution of the human Y chromosome 
was the development of a dominant male sex determiner (i.e. SRY) on an 
ancestral autosome. Selection then favored particular haplotypes, which 
contained alleles that enhance male function at nearby genes, such as the minor 
male-specific antigen (HYA) and azoospermia factor (AZF) (Graves, 1998). 
Selection further favored a reduction of recombination near this sex determiner, 
keeping beneficial combinations of alleles together (Charlesworth, 1991; Rice, 
1996; Bull, 1983; Charlesworth et al., 2005). However, both chromosomal 
systems are plagued by the same problems; there is a “lack of recombination in 
the heterogametic sex and genetic degeneration of the Y or W  chromosome” 
(Charlesworth et al., 2005; Ayling and Griffin, 2002). Lack of recombination 
arises when there is a gene that benefits one sex more then the other resulting in 
an antagonistic allele.
In 1931 Fisher explained how “linkage to a sex determining locus 
facilitates the accumulation of genes that are selectively favored in the 
heterogametic sex but selected against in females” (Rice, 1987b) this is the 
origin of the sexually antagonistic allele. When a mutation that is advantageous 
to males is tightly linked to the male sex determining loci we will see an increase 
in frequency of this allele passed to the next generation of males (Rice, 1987b). 
The addition of an advantageous mutation in males and genes that determine
5
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sex will lead to a suppression of recombination between the X and Y- 
chromosome (Charlesworth et al., 2005)
A reduction in recombination leads to the accumulation of insertions, 
deletions, and other mutations in the Y chromosome (Charlesworth, 1991). This 
has two consequences. First, many genes are inactivated by mutations, leading 
to selection for increased expression of the remaining copy of these genes on the 
X chromosome. This is why genes on the Y chromosome are poorly conserved 
among mammalian species compared to those on the X (Graves, 1998).
Second, the accumulation of sequence differences further reduces the rate of 
recombination between the X and Y, leading to isolation and degradation of the Y  
chromosome (Charlesworth, 1991). The human Y chromosome shows several 
segments with different levels of divergence from the homologous regions of the 
X (Charlesworth et al., 2005). It is believed these reflect several cycles of 
selection for favorable haplotypes, reduction in recombination and accumulation 
of mutations. Beneficial mutations for the males will also bring slightly 
deleterious mutation through hitchhiking, which will eventually lead to the Y  
chromosome becoming obsolete as a result of non-functioning genes 
(Charlesworth, 1996). Now that the X chromosome is solely responsible for male 
fertility, any mutations that occur on the Y chromosome would have no effect on 
function and would spread by random genetic drift (Charlesworth, 1996). Over 
time the allele for male fertility on the Y chromosome will be lost forever 
(Charlesworth, 1996).
6
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The human Y chromosome is now highly degenerate relative to the X. It 
is much smaller, has lost many genes and is full of repetitive sequences. The 
morphology of the two sex chromosomes is very distinct from each other. The X 
chromosome contains many more genes and is mostly euchromatic (Graves and 
Shetty, 2001). The Y chromosome is comprised of a significant amount of 
repetitive DNA sequences and is mostly heterochromatic (Bull 1983; 
Charlesworth et al., 2005; Schartl, 2004). Genes on the Y chromosome are 
extremely sparse in comparison to the X chromosome (Rice, 1987a). Similar 
patterns of evolution are seen in female heterogametic systems, where the W  
chromosome is expected to degenerate.
Sex Determination Mechanisms in Fish
Teleost fish exhibit a wide diversity of genetic and environmental 
mechanisms for sex determination (Ezaz et al. 2006; Devlin and Nagahama, 
2002; Schartl, 2004). Within these fish, distinct (genetic) sex chromosomal 
combinations have been observed ranging from hermaphrodites (i.e. expression 
of both sexes in one individual), gonochoristic (i.e. individuals are either male or 
female and possess testis or ovaries), and gynogenetic (i.e. all female progeny) 
(Devlin and Nagahama, 2002). The medaka (Oryzias latipes) is the only teleost 
fish to date in which the sex determiner gene, DMY, has been identified 
(Matsuda et al., 1998; Matsuda, 2005; Schartl, 2004). Like many other fish no 
cytogenetically distinct sex chromosomes have been observed in medaka 
(Matsuda et al., 1998; Matsuda, 2005; Schartl, 2004). The D M Y  gene is a
7
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retrotransposon that originated as a duplicate copy of DMRT1, a gene involved in 
male sexual differentation. The reverse transcription event duplicated a copy of 
this gene from an autosome (chromosome 9) and inserted into another autosome 
(chromosome 1), creating the new Y chromosome (Schartl, 2004; Nanda et al., 
2002). During a critical developmental phase the DM Y  gene is required for sex 
differentiation (Lee et al., 2004; Schartl, 2004). Thus, the D M Y  gene is 
expressed in the testis during gonadal development (Lee et al., 2004; Schartl, 
2004). Oryzias curvinotus, a species closely related to O. latipes, also carries 
the DM Y  gene on chromosome 1 (Matsuda, 2005). However O. luzonesis, 
another member of the O. curvinotus clade, lost the DM Y  gene after it diverged 
from O. curvinotus (Kondo et al., 2004). Therefore O. luzonesis must have 
recently evolved another sex-determining locus (Kondo et al., 2004).
Oryzias dancena is distantly related to O. latipes (Takehana et al., 2006). 
Recently a linkage map for O. dancena was established using RFLPs from ESTs 
(expressed sequence tag) that were used to build the medaka (O. latipes) 
linkage map. The sex chromosome in O. dancena is homologus to linkage group 
10, an autosome in O. latipes (Takehana et al., 2006). Oryzias dancena progeny 
were treated with steroids, estradiol-17I2> and methyltestosterone, to induce sex 
reversal (Takehana et al., 2006). Estradiol-17& treatments on progeny were 
unable to sex reverse males to females (Takehana et al., 2006). Nevertheless 
methyltestosterone treatments succeeded in reversing genetic females (XX) to 
males (Takehana et al., 2006). These newly sex reversed males were crossed 
with normal females and produced all female progeny (Takehana et al., 2006),
8
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demonstrating that O. dancena has a male heterogametic sex determination 
system (Takehana et al., 2006).
Comparative genome analysis is helping efforts to identify sex 
determination mechanisms in other fish models. The entire genomes of two 
pufferfish (Takifugu rubripes and Tetraodon nigroviridis) have been sequenced 
(Aparicio et al., 2002). A sex locus in T. rubripes was discovered on linkage 
group 19, but additional markers were needed to further characterize the sex 
determination system (Kikuchi et al. 2007). Because of the fragmentary nature of 
the T. rubripes genome assembly, conserved syntenies between the two 
pufferfish genomes were identified to develop more markers. This led to the 
finding that the male heterogametic (XY) sex determination system of T. rubripes 
corresponds to a region of Tetraodon chromosome 11 (Kikuchi et al. 2007).
There has been controversy about whether the zebrafish (Danio rerio) has 
a male (XY) and female (WZ) heterogametic sex determination system. Despite 
extensive whole genome scans, no linkages to sex have been found in the 
zebrafish model. These results suggest that sex determination may be a labile 
system with no strong genetic determiner (Devlin and Nagahama, 2002; Uchida 
et al., 2002).
An unusual sex chromosome combination arises in the platyfish 
(.Xiphophorus maculatus), which carries both X, Y, and W  chromosomes (Schartl, 
2004). In this species WY, WX, and XX genotypes yield females, while XY and 
YY genotypes develop as males (Schartl, 2004). The presence of the female-
9
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determining W  chromosome, when paired with either the Z or Y chromosome, 
always determines the sex of the individual (Devlin and Nagahama, 2002).
External environmental cues, such as high temperature during a critical 
phase of development, can alter the individual’s sex (Devlin and Nagahama, 
2002). Low ocean temperatures early in the breeding season of the Atlantic 
silverside (Menidia menidia) yield mostly females, while high temperatures late in 
the breeding season yield mostly males (Conover and Fleisher, 1986). As a 
result of different reactions to these different ocean temperatures, sex ratios 
among progeny vary between Atlantic silverside (Menidia menidia) females, 
implying a genetic component for sex determination (Conover and Kynard,
1981).
Sex Determination in Tilapia
Sex determination mechanisms of tilapia have been extensively studied 
because of the importance of this trait in commercial culture. Because females 
tend to reproduce at a small size, farmers prefer to stock only males in grow-out 
ponds. Testosterone treatments are used to produce male monosex tilapia 
fingerlings for commercial growout (Wohlfarth and Wedekind, 1991; Phelps and 
Pompa, 2000).
In nature, sex determination of tilapia is largely controlled by genetic 
factors, although environmental factors have a strong influence as well (Baroiller 
and D’Cotta, 2000; Mair et al., 1989). Lee et al. (2004) classified the Nile tilapia 
(Oreochromis niloticus) as having a male heterogametic (XY) sex determination
10
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system linked to chromosome 1. However, variations in progeny sex-ratios (i.e. 
other than 1:1) have been observed among O. niloticus females, which suggests 
that other factors may supercede the major genetic sex determiner (Jensen and 
Shelton, 1979; Scott etal., 1989; M airetal., 1991; Tuanetal., 1999). Even 
though genetic influence on sex is highly heritable it does not seem to be able to 
completely override the external environmental influences determining the 
phenotype (Lester et al., 1989). Therefore sex ratios among O. niloticus are 
easily skewed from the 1:1 primary sex ratio, which allows us to determine 
unusual genotypes that might otherwise pair with a given phenotype. An 
example is when sex reversal occurs during a critical phase of development, 
producing females with an XY genotype (Mair et al., 1991). When these females 
are crossed with normal males they produce progeny sex ratios of 3M: 1F (Mair 
etal., 1991).
A variety of experiments ranging from hormonal studies of sex reversal, as 
well as gynogenesis, were performed to identify the sex-determining 
mechanisms of the blue tilapia (O. aureus). Hormonally sex-reversed females 
(ZZ) crossed with genetically normal males (ZZ) produced all male progeny, 
although some females were occasionally observed (Hopkins et al, 1979; Mair et 
al, 1987; Lahav, 1993; Rosenstein and Hulata, 1994). Gynogenesis resulted in a 
female- biased sex ratio among the progeny, consistent with the idea that W W  
and WZ genotypes yield females, while ZZ genotypes develop as males (Avtalion 
and Don, 1990). Mair et al (1991) concluded that this species has a female (WZ) 
sex determination system coupled with additional autosomal influences. They
11
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suggested that female-biased sex ratios were produced by unusual male (WZ) 
genotypes leading to 3F: 1M sex ratios (M airet al., 1991).
Genetic markers suggest that O. aureus has a more complex sex 
determination system. Two sex determination systems, female (WZ) and male 
(XY), were segregating in a single family of blue tilapia (Oreochromis aureus) 
(Lee et al., 2004). The female heterogametic (WZ) sex determination locus was 
associated with chromosome 3 while another strong association with a male 
heterogametic (XY) sex determination locus was observed on chromosome 1 
(Lee et al., 2004). An epistatic interaction was observed, which the dominant 
female determiner, W  on chromosome 3 suppressed the male determiner, Y on 
on chromosome 1 (Table 1.1) (Lee et al., 2004). Only in the absence of the 
dominant female determiner are males observed (Lee et al., 2004). Thus, males 
are ZZ and carry a Y chromosome on chromosome 1 although males and 
females are observed with ZZXX genotypes suggesting another locus 
determining sex (Lee et al., 2004).
External factors such as temperature can override genetic factors that 
determine sex in tilapia, thereby skewing sex ratios (Baroiller and D’Cotta, 2000). 
At high temperatures (i.e. above 32°C) levels of aromatase mRNA and estradiol 
decrease, resulting in male-biased sex ratios in O. niloticus (Kitano et al., 1999; 
D’Cotta et al., 2001). Similar results have been seen in O. aureus, which carries 
a dominant female (WZ) heterogametic sex determination system (Baroiller et al., 
1995, 1996; Baras et al., 2001).
12
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Possible Role of Sex Chromosome Evolution in Speciation (Hypothesis)
Lande et al. (2001) suggested that evolution of sex-determining loci might 
have contributed to the spectacular adaptive radiation of haplochromine cichlids 
in Lake Victoria. Their model involves a dominant sex reversal gene tightly 
linked to a novel color morph. When the benefit of being a male in the male 
heterogametic (XY) sex determination system declines, the X is susceptible to 
being replaced by the W, a dominant sex reversal gene (Lande et al., 2001). The 
W  increases in frequency since it is advantageous for female fitness in 
comparison to males, and results in a female-biased sex ratio. This shift in the 
sex determination system, from male (XY) to female (WZ), is the first step in 
allopatric speciation (Lande et al., 2001). Subsequently, a novel color morph 
arises on the W  chromosome that is tightly linked to the sex determiner (Lande et 
al., 2001). Sexual selection favors males that prefer the novel female color 
morph in comparison to males who do not (Lande et al., 2001). These 
differences in mate preference and sex determination contribute to reproductive 
isolation, resulting in the emergence of two different species (Lande et al., 2001). 
Cycles of speciation can be envisioned, where the old XY system is replaced by 
the new WZ system for a short time and then reverts back to the XY system 
(Lande et al., 2001).
This model suggests that rapid pulses of speciation might be occurring 
among haplochromine cichlids in lakes Victoria and Malawi. Since populations 
with the new WZ system still carry the old XY polymorphism, the sex
13
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determination system will remain very labile (Wilkins, 1995; Lande et al., 2001). 
Even a partial shift to the female heterogametic (WZ) sex determination system 
may be advantageous, if it contributes to optimizing the sex ratio.
Kocher (2004) suggested that variation in the optimal sex ratio/primary sex 
ratio (1:1) might have provided opportunities for selection on sex-determining 
genes in Lake Malawi. After the shift from the male (XY) to the female (WZ) sex 
determination system, a new population with a novel female phenotype emerged, 
orange-blotch (OB), which may be beneficial to female fitness. Males that prefer 
the new female phenotype (OB) will be more reproductively successful (Kocher, 
2004). Therefore the less frequent sex (i.e. OB females) will be favored by 
selection to produce more grandchildren (Hamilton, 1967). Thus, we will see a 
female-biased sex ratio in this small population (Kocher, 2004). Over time the 
sex ratios will return to the optimal sex ratio/primary sex ratio (1:1) as the 
population size grows (Kocher, 2004). Again selection will favor the less frequent 
sex (i.e. rarer) shifting the ratio toward males (Hamilton, 1967). Males might 
acquire a novel trait (i.e. red dorsal fin) linked to the new male sex determiner, 
and females that prefer this trait will be more reproductively successful, thereby 
restoring the optimal sex ratio (Kocher, 2004).
The goal of this thesis is to determine whether sex-determining 
mechanisms differ among closely related species of Lake Malawi cichlids, 
consistent with a possible role in speciation. African cichlids are experiencing the 
most rapid speciation observed in history among vertebrates (Lande et al., 2001). 
Furthermore no morphologically distinct sex chromosomes have been observed
14
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in cichlids, which make them an excellent model to look at the evolution of sex 
chromosomes (sex determination pathway) and their effect on speciation 
(Kornfield, 1984). In order to answer this question the first step is to survey the 
haplochromine cichlids in Lake Malawi and determine if male (XY) and female 
(WZ) heterogametic sex determination systems exist, and whether closely 
related species differ in their mechanism of sex determination.
15
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Table 1.1: Epistatic interaction on LG 1 (WZ) and LG 2 (XY) in an Oreochromis 
aureus family at the sex determination loci. The 189bp allele at UNH104 locus is 
fixed to the Y determiner and the ‘A ’ are other alleles not associated with the Y 








187/193 20 females ] S females
(W Z ) 0 males 0 mali_\s
193/193 5 females 0 fenmLxs
(Z Z ) 10 males 25 males
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CHAPTER II 
MATERIALS AND METHODS
Single pair crosses were made for thirteen species of Lake Malawi mbuna 
cichlid (Table 2.1) in the University of New Hampshire tropical fish facility. Each 
aquarium contained a single dominant male and between one and fifteen 
females. Because Lake Malawi mbuna are mouth brooders, it was possible to 
collect the progeny of individual females from the mother’s mouth one to five 
days post-fertilization. Caudal fin-clips for DNA isolation were taken from the 
male and from each female at the time of embryo collection.
Rearing
The embryos from each female were reared in containers with aeration 
until their yolks were absorbed. Each container was labeled with the species 
name and family number. The label also included the number of individuals in 
the brood, the date of fertilization, and the caudal fin-clip numbers from both 
parents. The embryos were transferred to increasingly larger tanks and grown to 
sexual maturity. To maximize the number offish raised, families of similar age 
and size from two to six species with distinct color patterns were cultured 
together. To prevent loss of individuals due to aggressive interactions, we added
17
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dither fish (e.g. Oreochromis mossambicus) to aquaria containing the more 
aggressive species. Depending on rearing conditions such as density and 
feeding rate, the sex of some species could be determined as early as five to six 
months. However, some families were grown for more than a year before 
analysis.
Phenotvpina
When sexually mature, each family was sacrificed and dissected to 
determine the sex of the individual. The fish were anesthetized using tricaine 
methane sulfonate (MS222). During dissection the standard length, color, and 
sex of each individual was noted. Caudal fin-clips were taken from each 
individual and stored in 100% EtOH at -20°C until processing for DNA extraction. 
The sex of each individual was determined by looking for spermatoctyes or 
oocytes under the microscope. Gonads were examined using an acetocarmine 
squash (Guerrero and Shelton, 1974). Dissected gonads were placed on a slide, 
stained with acetocarmine, and “squashed” between a slide and a coverslip. 
Squashes were performed even on well-developed testes and ovaries to 
definitively determine the sex of the individual. Only if fully yolked eggs were 
observed did we omit the squash procedure.
18
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DNA Extraction
Caudal fin-clips that were taken from each individual and stored in 100% 
EtOH at -20°C two methods were used for DNA extraction. The first protocol 
extracted DNA from 0.45mm portion of the fin-clip that was placed in a 1.5ml 
silica gel tube with 200-400pl extraction buffer containing 4pl of proteinase K 
(20mg/ml), incubated overnight at 37°C (Kocher et al 1998). 
Phenol:chloroform:isoamyl alcohol (23:24:1) and chloroform:isoamyl (24:1) 
solutions were added stepwise to each silica tube in an equal volume of 
extraction buffer. The supernatant was mixed with 1/10 the original extraction 
buffer volume of 3M NaOAc and 2.5 volume the original extraction buffer of 
100% EtOH, then cooled at -20°C for thirty minutes, microfuged at 4° C for thirty 
minutes, rinsed with 70% EtOH, and spun again for five minutes to pellet the 
DNA. The DNA pellet was rinsed with 70% EtOH and dried in a speedvac before 
being resuspended in 0.1 M Tris-EDTA buffer (pH 8).
The second DNA extraction protocol used was a ‘salting out’ direct ethanol 
precipitation procedure. A 0.45mm portion of the caudal fin-clip was placed in a 
96 deep well plate with 200pl extraction buffer containing 4pl of proteinase K 
(20mg/ml) and incubated overnight at 56°C. The plates were then centrifuged at 
room temperature for 10 minutes; 80pl of 5M NaCL was added to each well, 
vortexed for two minutes and centrifuged again for 20 minutes. The supernatant 
(~280pl) was transferred to a new plate and mixed with 600pl of 100% cold EtOH 
in each well, then cooled at -20°C for 30 minutes, centrifuged at 4° C for 20
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minutes, rinsed with 600 |j I of 70% cold EtOH, and spun for 10 minutes to pellet 
the DNA. The 70% cold EtOH was aspirated from the 96 deep well plates and 
pelleted DNA was dried in a speedvac before being resuspended in 0.1 M Tris- 
EDTA buffer (pH 8).
Genetic markers
In an intergeneric cross among Lake Malawi cichlids, Albertson et al. 
(2003) detected linkage of sex to markers on cichlid linkage groups 5 and 7. For 
the current study I selected microsatellite DNA markers from each of these 
linkage groups. The markers on LG 5 (UNH2139, cski, GM264a) span a region 
of ~12.2cM (Table 2.2). The markers on LG 7 (UNH973, UNH2095, UNH2086, 
UNH2031) span a region of ~18.5cM (Table 2.2)
Genotvpina
Processed DNA caudal fin-clips were used for PCR genotyping with 
markers associated with sex linkage groups described above. PCR amplification 
of each marker was performed in a total volume of 20ul for 2 minutes at 95°C  
followed by 25 cycles of 30 seconds at 95°C, 30 seconds at 54°C, 30 seconds at 
72°C, with a final elongation step of 30 seconds at 72°C. The fluorescently 
labeled PCR products (only forward primer was labeled with: 6-FAM, TET, and 
HEX) were separated on 4% denaturing acrylamide gels on an ABI 377 DNA
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
sequencer and analyzed in order to determine the fragment sizes using Applied 
Biosystems software ABIprism GeneScan 3.1.2. A fluorescently labeled size 
standard (TAMRA) was mixed with the labeled PCR product prior to loading the 
ABI 377 DNA sequencer. Two to three markers were multiplexed on a single gel.
Statistical Analysis
A statistical analysis was performed using JMP Statistical Discovery 
Software Version 5. The Pearson Chi-squared test was performed to identify any 
deviations from the expected Mendelian segregation of sex for each sex-linked 
marker. Genotypes, from each sex-linked marker on LG 7 and LG 5, which were 
associated with sex (i.e. males and females), exhibited a strong correlation with a 
sex determination system. In each cichlid family all informative sex-linked 
markers were analyzed.
21
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Table 2.1: Cichlid species and their locations in Lake Malawi.
Species [Location in Lake Malawi
Aulonocara baenschi Nkhomo Reef
Cynotilapia 'dwarf afra' Hai Reef
Metriaclima barlowi
Metriaclima benetos 









































Table 2.2: The selected microsatellite DNA markers from the Streelman2003 mbuna genetic map for linkage 
groups 5 and 7. A summary of the marker positions on each linkage group and accession numbers from NCBI for 
reference sequences (forward and reverse) of each marker.
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Sex phenotypes are a quantitative trait that can be identified in each 
individual. Within all families each individual was identified as a male or a 
female, although the sex phenotype of some individuals was not determined 
(Table 3.1). Sex ratios (males/(males + females)) were calculated for each family 
as well as the average for each species (Table 3.2). The average sex ratio 
observed over all families was 0.376, which deviates from the primary 1:1 sex 
ratios (i.e. 0.5) (Table 3.2). Analysis of all observed sex phenotypes among 
species produced female-biased sex ratios (Figure 3.1). In both Metriaclima 
pyrsonotus OB (orange blotch) and BB (blue barred) families, female-biased sex 
ratios were observed, although one M. pyrsonotus family (Mepy-A002) was male- 
biased (14M: 5F). Male-biased sex ratios were only observed five times, each in 
different species; Metriaclima pyrsonotus, M. saulosi, M. barlowi, M. esterae, and 
Aulonocara baenschi.
A single factor ANOVA was performed to analyze variations in sex ratios 
among and within species as well as seasonality. Analysis among species 
yielded a statistically significant variation in sex ratios (F 19,20 = 2.94, p<0.05).
Two species that exhibited the most statistically significant variations within their
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sex ratios was Metriaclima fainzilberi Lundo Point (F 2,3 = 9.55, p<0.001) and 
Metriaclima pyrsonotus OB families (F 2,12 = 3.89, p<0.001), which are extremely 
female biased (Table 3.3). Seasonal variation was analyzed by assigning each 
family to the season of fertilization and examining the variation of sex ratios 
among season as well as with in a season. No strong statistically significant 
deviation in sex ratios (F 3,4 = 4.80, p = 0.0818) was observed among all four 
seasons. However, analysis of sex ratios varying within a season was observed. 
The spring season, encompassing all families fertilized (i.e. born) from March 
24th through June 23rd, exhibited the only statistically significant deviation in sex 
phenotypes (F 2,64 = 3.99, p<0.001) (Table 3.4). A female-biased sex ratio can 
be observed among families (i.e. broods) fertilized during the spring and early 
spring (Figure 3.2). Sex ratios were analyzed by date of fertilization resulting in a 
gradual increase in the percentage of males observed over the winter months 
from December through March (Figure 3.3). The spike in sex ratios illustrated in 
March is a result of a male-based sex ratio (40M: 3F) in Metriaclima saulosi.
Sex phenotypes of individuals that were undetermined ranged in age from 
5 to 11 months. Families sacrificed at 5 to 6 months of age showed the highest 
number of unidentified sex phenotypes. Both 5 to 6 months of age combined 
produced undetermined sex phenotypes of 32 individuals. At 7 months of age 
the number of undetermined sex phenotypes decreased to 3 individuals. 
Therefore the optimal age to sacrifice a family in order to determine the sex 
phenotypes would be after 6 months. However, the optimal age to sacrifice may
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vary for each species depending on rearing conditions during the growth process 
to sexual maturity.
Male (XY) Heterogametic Sex Determination Systems
Here I present the evidence supporting a male heterogametic (XY) sex 
determination system, using as an example a family of Metriaclima benetos from 
Mazinzi Reef. In table 3.5, the parental haplotypes of family MebeMZ-A002 are 
reconstructed above the progeny across all three markers on chromosome 7: 
UNH2095, UNH2086, and UNH2031. Marker UNH2095 was not informative in 
this family since both parents were homozygous at this locus. At locus UNH2086 
both parents are heterozygous. The maternal alleles are 164/172 (pink) and the 
paternal alleles are 157/172 (blue). Below the parental haplotypes are the 
progeny genotypes split into maternal and paternal haplotypes. At locus 
UNH2085 the first female offspring 05L-114 is homozygous and inherited 172bp 
alleles from both of her parents. At the same locus, male 05L-116 is 
heterozygous, having inherited a maternal 172bp allele and a paternal 157bp 
allele. After all genotypes of the progeny have been analyzed in this way, it is 
clear that all of the females inherited a paternal X chromosome with a haplotype 
of 172-195 at UNH2086-UNH2031. In the same manner we can determine that 
90% of the male progeny have inherited the Y chromosome from their father with 
a haplotype of 157-126 at UNH2086-UNH2031. One exceptional male, 05L-127, 
inherited the paternal X chromosome with a haplotype of 172-195 at UNH2086-
26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UNH2031. Both markers, UNH2086 and UNH2031, in this species showed a 
strong statistical association with sex (X2= 16.8, P<0.001, N=20; X2= 16.4, 
P<0.001, N=20). Therefore, the mode of sex determination for this family is an 
XY heterogametic system, in which the chromosome of the father determines the 
sex of the offspring.
This male heterogametic (XY) sex determination system was found in 
most of the Metriaclima species. In both Metriclima benetos families (MebeMZ- 
A002 and Mebe-A006) 94% of all the male progeny inherited a Y chromosome 
from their father. Metriaclima lombardoi family Me!o-A001 had a strongly biased 
sex ratio (15 F and 3 M) so the determination that it has an XY sex determination 
system is tentative. Another M. lombardoi family Melo-A026 (Table 3.7) provided 
more even sex ratios, and a strong correlation was observed between sex and 
markers UNH 2086 (X2= 29, P<0.001, N=25) and UNH2031 (X2= 24.4, P<0.001, 
N=28) (Table 3.6a). In this family, 100% of the males inherited the Y  
chromosome and 92% of the females inherited the entire paternal X  
chromosome across the sex determination interval. One of the females inherited 
part of the Y chromosome at UNH2031 locus. Metriaclima phaeos family 
MephNA-A001 also showed segregation of a male heterogametic sex 
determiner. High recombination rates (79%) among female paternal X  
chromosomes were observed across the sex determination interval (Table 3.8).
The male heterogametic (XY) sex determination system was also found in 
the two out-groups, Aulonocara baenschi and Pseudotropheus ‘dakarti’. All 
females in both of these species inherited the entire paternal X haplotype (Tables
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3.9 and 3.10). In Aulonocara baenschi family Aube-A002/A003/A005/A007, 
83.3% of the male progeny inherited the entire Y haplotype. One male inherited 
part of the paternal X haplotype at UNH2095. In Pseudotropheus ‘dakarti’ family 
Psda005, 85.7% of the male progeny inherited the entire Y chromosome. One 
male inherited the paternal X chromosome at UNH2086. A highly significant 
linkage between sex and these markers was observed in both genera (Table 
3.6a). This shows that the mode of sex determination for these species 
described above are an XY heterogametic system, in which the chromosome of 
the father determines the sex of the offspring.
Female (WZ) Heterogametic Sex Determination Systems
Three species in the genus Metriaclima exhibited a female heterogametic 
(WZ) sex determination system. Metriaclima 'blueberry kompakt' families 
MeblNA-A001 and MeblNA-A003 are full sibs and were combined for analysis. 
The parental haplotypes were reconstructed across all three markers on 
chromosome 5: UNH2139, cski, and Gm264a. At locus cski both parents are 
heterozygous. The maternal alleles are 208/218 (pink), and the paternal alleles 
are 218/226 (blue). 74.2% of all female progeny inherited the entire maternal W  
haplotype across the sex determination interval (Tables 3.11 and 3.12). A 
significant correlation was observed between sex and markers, UNH 2139 (X2= 
17.1, P<0.001, N=76), cski (X2= 28.6, P<0.001, N=76), and GM264a (X2= 31.4, 
P<0.001, N=76) (Table 3.6b). Two females inherited the paternal Z haplotype at
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one of the loci in the sex determination interval. Among the male progeny 
66.66% of the males inherited the entire maternal Z haplotype.
In the female heterogametic (WZ) sex determination system a novel 
female color morph, orange blotch (OB), is associated with the sex determination 
system. In the Metriaclima 'blueberry kompakt’, the MeblNA-A001 and MeblNA- 
A003 families are progeny of a cross between an orange blotch (OB) female 
(dam) and a blue barred (BB) male (sire). The orange blotch (OB) female 
progeny were seen in a high frequency compared to females with blue bars (BB), 
twenty-eight (90.3%) OB and three (9.67%) BB females. The 6.5% (2 females) 
of the females who inherited the entire paternal Z chromosome across the sex 
determination interval express a blue barred (BB) phenotype. In contrast, blue 
barred males were seen in a high frequency compared to orange-blotched 
males, thirty-two (71.1%) BB and thirteen (28.8%) OB males. The 22.2% of the 
male progeny that inherited the entire maternal W  chromosome, and the 4.44%
(2 males) who inherited the maternal W  chromosome at one locus across the sex 
determination interval, are the OB males. The orange blotch phenotype and sex 
of the individual are closely linked together on the W  chromosome in a female 
heterogametic (WZ) sex determination system.
The female heterogametic (WZ) sex determination system was identified 
in other Metriaclima species, which have the OB color polymorphism.
Metriaclima fainzilberi Lundo Island family MeFaLI-A002 produced female biased 
sex ratios (70.6%) (Table 3.13). A strong/significant correlation to sex with 
markers, UNH 2139 (X2= 9.66, P<0.05, N=17), cski (X2= 9.94, P<0.05, N=17),
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and GM264a (X2= 13.39, P<0.001, N=17) was associated with the sex 
determination locus (Table 3.6b). 91.7% of the females from this cross inherited 
the entire maternal W  chromosome across the sex determination interval and 
express the novel orange blotch (OB) phenotype. 80% of the male progeny 
inherited the entire maternal Z chromosome. One female (8.3%) with a blue 
barred (BB) phenotype inherited the entire paternal Z chromosome. This shows 
that the mode of sex determination for these species described above are a WZ 
heterogametic system, in which the chromosome of the mother determines the 
sex of the offspring.
Epistasis
We observed a complex sex determination system in Metriaclima 
pyrsonotus. Family Rmpy007 is segregating for both the male (XY) and the 
female (WX) heterogametic sex determination systems. Markers UNH2139 and 
GM264a on LG 5 show a strong correlation with a female heterogametic (WZ) 
system (Table 3.6a and b). Marker UNH2031 on LG 7 shows a strong 
correlation with a male heterogametic (XY) sex determination system.
Table 3.14 shows the reconstruction of parental haplotypes in this family. 
At locus UNH2139 both parents are heterozygous. The maternal alleles are 
169/227 (pink), and the paternal alleles are 196/202 (blue). All the males 
inherited the maternal 227bp allele and lack the 169bp allele. Sixty percent of 
the female progeny inherited the 169bp allele. Therefore the 227bp allele must
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be on a Z chromosome, and the 169bp allele must be on a W  chromosome. 
These W-carrying females all inherited the dominant orange-blotch (OB) allele.
Analysis of parental haplotypes for LG 5 shows that this family is also 
segregating for a male heterogametic (XY) system on LG 7 (Table 3.14). At 
locus UNH2086 both parents are heterozygous. The maternal alleles are 
136/206 (pink), and the paternal alleles are 178/168 (blue). For analysis of the 
XY sex determination system we ignore the OB progeny and focus on the blue- 
barred (BB) progeny. 75% of the blue barred (BB) females have inherited the 
entire paternal X chromosome with a haplotype 143-144-168-163 at UNH973, 
UNH2095, UNH2086, and UNH2031 across the sex determination interval on 
LG7. In the same manner we can determine that 66.66% of the males inherited 
the paternal Y chromosome from their father with a haplotype of 182-154-178- 
137. The other 33.33% of the male progeny inherited the paternal Y  
chromosome in 3 out of the 4 loci in the sex determination interval. 
Cross-tabulation of these results identifies strong epistatic interactions between 
these loci. Individuals that inherited the W  chromosome (the 169bp allele at 
locus UNH2139) are always female. These females express an orange blotch 
(OB) phenotype and have a genotype of WZXX or WZXY (Table 3.15). 
Individuals lacking the W  chromosome but which did inherit a Y chromosome 
(marked by the 178bp allele at UNH2086) are male. These males have a blue 
barred (BB) phenotype and an XYZZ genotype. Finally, individuals with the 
genotype ZZXX genotype are BB in color and mostly female. Four of the five 
animals of this genotype were female. Thus, there is an epistatic interaction
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between the sex-determining loci on LG 5 and 7. The W  allele on LG 5 trumps 
the Y allele and produces a female phenotype. The Y allele on LG 7 trumps the 
Z allele and produces a male phenotype. ZZXX individuals can differentiate as 
either sex, responding to as yet uncharacterized genetic or environmental cues.
This shows that two sex loci are segregating in one single species, 
Metriaclima pyrsonotus, a WZ and an XY heterogametic sex determination 
system. The presence of the dominant female sex determiner (W allele) 
produces female development. Male development occurs when the dominant 
male sex determiner (Y allele) is present and the dominant female sex 
determiner (W allele) is absent. Although in the absence of both dominant sex 
determiners (W  and Y alleles) individuals will develop as males and females.
Unresolved Sex Determination Systems
Two Metriaclima species have unresolved sex determination system. The 
Metriaclima saulosi parental haplotypes of family Mesa-A009 were reconstructed 
above the progeny across all sex-linked markers for both LG 5 (WZ) and LG 7 
(XY) (Table 3.16). The male-biased sex ratio in this family (40M: 3F) hinders our 
ability to definitively say anything about the female sex determination system on 
LG 5. The lack of informative markers across the sex determination interval on 
LG 7 also renders it a challenge to associate the male sex determination system. 
Thus, no sex determination system has been associated with Metriaclima 
saulosi.
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The Metriaclima pyrsonotus blue barred (BB) family Mepy-A002 is 
experiencing segregation distortion associated with a dominant lethal effect with 
the female (WZ) sex determination system. No association with LG 7 (XY) was 
observed in this male-biased (14M: 5F) family since all possible genotypes were 
evenly distributed among males and females. A dominant lethal effect was 
associated with the maternal 223bp allele at the cski locus since the only two 
individuals (10.5%) inherited this allele. The rest of the progeny (89.5%) 
inherited the 215bp allele from their mother at this locus. There is a strong 
deleterious effect of the maternal 223bp allele at the cski locus associated with 
LG 5 (WZ) (Table 3.17). This dominant lethal allele might be the causative factor 
producing a male-biased sex ratio prior to the primary genetic sex ratio in this 
family. Therefore females that inherited a 215bp allele were able to grow to 
sexual maturity unlike females who inherited a 223bp allele.
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Table 3.1: Observed sex phenotypes quantified for each Lake Malawi cichlid species. Total number of observed males, 
females, and unknown individuals identified during dissections (i.e. date sacrificed) (M = males, F = female, and Un = 
unknown individuals).
Species Familv Date Sacrificed Date Fertilized M F Un Total
Aulonocara baenschi Aube-A002/A003/A005/A007 7/5,6,7,24/2006 9/6,30 & 10/22,27/2005 6 7 1 14
Aube-A09 12/21/06 4/14/06 2 4 2 8
Aube-A14 1/24/07 5/23/06 8 15 23
Aube-A013 10/11/06 5/17/06 12 3 2 17
Dwarf Cynotilapia afra DcAfra-A002 10/21/06 4/13/06 11 15 2 28
Metriaclima bariowi Mbenji Is MebaMBJ-A003 2/25/05 & 7/27/05 3/15/04 6 2 1 9
MebaMBJ-A009 7/13/06 9/30/05 5 3 8
MebaMBJ-A006 7/31/06 -8/27/05 3 7 10
MebaMBJ-AOlO 9/11/06 11/2/05 0 11 11
MebaMBJ-A16 12/21/06 7/1/06 18 5 23
Metriaclima benetos Mazinzi Reef MebeMZ-A002 3/11/05 5/14/04 11 10 21
MebeMZ-A006 6/7/2006 & 7/5/06 12/17/05 8 13 8 29
MebeMZ-A007 9/25/06 4/14/06 10 22 2 34
Metriaclima 'blueberry kompakt' MeblN-AOOl 9/25/03 11 13 24
MeblN-A003 6/25/2004 & 7/13/04 10/27/03 34 18 52
Metriaclima callainos RMcal2 12/21/06 5/22/06 5 13 18
RMcal6 1/16/07 7/3/06 3 21 24
Metriaclima esterae MeEs-A2 1/23/07 6/19/06 12 4 16
Metriaclima fainzilberi Lundo Is Me-FaLI-A002 5/14/04 10/7/03 5 12 17
RMFI010 12/21/06 4/21/06 1 25 2 28
Metriaclima fainzilberi Lundo Pt MefaLP-AOOl 2/25/05 5/12/04 1 21 22
MeFaLP-A003 1/9/07 7/9/06 2 19 1 22
Metriaclima lombardoi Melo-AOOl 3/19/2004 & 5/12/04 3/19/2004 & 5/12/04 3 15 1 19
Melo-A26 9/6/06 9/6/06 18 12 30
Melo-A003 5/30/06 5/30/06 0 5 5
Melo-A017 12/21/06 12/21/06 2 6 8
Melo-A016 12/21/06 12/21/06 7 3 1 11
Melo-A15A 1/10/07 1/10/07 5 8 13
Melo-A15B 1/10/07 1/10/07 3 5 8
Melo-A19 1/23/07 1/23/07 10 13 23
Metriaclima phaeos MephNA-AOOl 11/17/03 11/17/03 15 20 1 36
MephNA-A006 9/18/06 4/8/06 18 15 2 35
MephNA-A007 9/23/2006 & 9/25/06 4/14/06 10 17 2 29
Meph-A008 10/11/06 4/14/06 4 7 3 14











S p e c ie s
M etriaclim a pyrsonotus
M etriaclim a m b en ji Mbenji Is
M etriaclim a m sobo  Lundo Is
M etriaclim a 'Nankom a Blue'
Metriaclim a saulosi
Metriaclim a zeb ra  Mazinzi Reef
Pseudotropheus dakarti































Pseudotropheus p o lit Pspo-A 003
D a te  S a c r if ic e d D a te  F e r t i l iz e d M F Un T o ta l
5 /3 0 /0 6 1 0 /1 1 /0 5 14 5 19
9 /6 /0 6 1 1 /2 9 /0 5 2 12 14
1 0 /2 7 /0 6 5 /4 /0 6 1 21 22
1 2 /2 1 /0 6 5 /1 1 /0 6 0 29 29
1 /1 0 /0 7 7 /1 5 /0 7 8 17 25
1 /2 3 /0 7 6 /1 /0 6 4 24 28
1 2 /2 1 /0 6 4 /4 /0 6 0 11 11
6 /7 /0 6 4 /4 /0 6 0 15 15
6 /7 /0 6 1 /2 4 /0 6 8 9 1 18
1 /1 0 /0 7 4 /4 /0 6 0 19 19
1 /1 6 /0 7 6 /2 6 /0 6 9 20 29
6 /7 /0 6 1 2 /7 /0 5 2 3 5
1 0 /1 1 /0 6 4 /2 7 /0 6 5 26 2 33
1 /2 4 /0 7 7 /1 3 /0 6 5 12 17
9 /6 /0 6
9 /6 /0 6
3 /1 8 /0 6
3 /1 5 /0 6
15 14 2 31
9 /1 1 /0 6 4 /9 /0 6 23 12 3 38
1 2 /2 1 /0 6 5 /1 0 /0 6 23 25 48
1 /9 /0 7 4 /1 4  8i 5 /1 2 /0 6 31 51 82
1 /1 0 /0 7 4 /1 2  5 /2 4 /0 6 21 34 1 56
3 /6 /2 0 0 4  & 3 /4 /0 5 3 /6 /0 4
1 2 /1 0 /0 3










8 /4 /0 5 1 0 /1 9 /0 3 6 1 7
2 /1 3 /0 6 ~ 5 /1 6 /0 5 13 15 28
9 /1 8 /0 6 4 /2 6 /0 6 1 24 25
1 /2 3 /0 7 6 /2 3 /0 6 7 18 25
7 /1 3 /0 6 8 /2 9 /0 5 2 3 2 7
7 /1 4 /0 6 7 /2 2 /0 5 4 2 6
9 /6 /0 6 2 /2 2 /0 5 8 5 1 14
1 /9 /0 6 7 /1 1 /0 6 7 9 2 18
M F Un T o ta ls










Table 3.2: Sex ratios quantified for each Lake Malawi cichlid species. The sex ratios were calculated (males/males + 
females) for all the families within each species as well as the average sex ratio for each species.
SDecies Familv Males Fem ales Unknown Total Sex Ratio A veraae sex  ra tio  in SDecies
Autonocara baenschi Aube-A002/A003/A005/A007 6 7 1 14 0.4615 0.4857
Aube-A09 2 4 2 8 0.3333
Aube-A14 8 15 23 0.3478
Aube-A013 12 3 2 17 0.8000
Dwarf Cynotilapia afra DcAfra-A002 11 15 2 28 0.4231 0.4231
Metriaclima barlowi Mbenji Is MebaMBJ-A003 6 2 1 9 0.7500 0.4915
MebaMBJ-A009 5 3 8 0.6250
MebaMBJ-A006 3 7 10 0.3000
MebaMBJ-AOlO 0 11 11 0.0000
MebaMBJ-A16 18 5 23 0.7826
Metriaclima benetos Mazinzi Reef MebeMZ-A002 11 10 21 0.5238 0.4058
MebeMZ-A006 8 13 8 29 0.3810
MebeMZ-A007 10 22 2 34 0.3125
Metriaclima blueberry kompakt HeblN-AOOl 11 13 24 0.4583 0.7853
MeblN-A003 34 18 52 0.6538
Metriaclima callainos RMcal2 5 13 18 0.2778 0.2014
RMcal6 3 21 24 0.1250
Metriaclima esterae MeEs-A2 12 4 16 0.7500 0.75
Metriaclima fainzilberi Lundo Is Me-FaLJ-A002 5 12 17 0.2941 0.1663
RMFI010 1 25 2 28 0.0385
Metriaclima fainzilberi Lundo Pt MefaLP-AOOl 1 21 22 0.0455 0.0455
MeFaLP-A003 2 19 1 22 0.0952
Metriaclima lombardoi Melo-AOOl 3 15 1 19 0.1667 0.3639
Melo-A26 18 12 30 0.6000
Melo-A003 0 5 5 0.0000
Melo-A017 2 6 8 0.2500
Melo-A016 7 3 1 11 0.7000
Melo-A15A 5 8 13 0.3846
Melo-A15B 3 5 8 0.3750
Melo-A19 10 13 23 0.4348
Metriaclima phaeos MephNA-AOOl 15 20 1 36 0.4286 0.4273
MephNA-A006 18 15 2 35 0.5455
MephNA-A007 10 17 2 29 0.3704
Meph-A008 4 7 3 14 0.3636











S p e c ie s F am ilv M a le s F e m a le s U n k n o w n T o ta l S e x  R a tio A v e r a a e  s e x  r a t io  in s p e c ie s
M etriaclim a pyrsonotus Mepy-A002 14 5 19 0 .7 3 6 8 0.2313
M epy-A006 2 12 14 0 .1 4 2 9
Mepy-AOlO 1 21 22 0 .0 4 5 5
Mepy-A13 0 29 29 0 .0 0 0 0
Mepy-A17 8 17 25 0 .3 2 0 0
Mepy-A14 4 24 28 0 .1 4 2 9
RM pyOll 0 11 11 0 .0 0 0 0 0.1562
RMpy013 0 15 15 0 .0 0 0 0
RMpy007 8 9 1 18 0 .4 7 0 6
RMpy012 0 19 19 0 .0 0 0 0
RMpy018 9 20 29 0 .3 1 0 3
M etriaclim a m ben ji Mbenji Is Mebe-A003 2 3 5 0 .4 0 0 0 0.2851
M emb-A004 5 26 2 33 0 .1 6 1 3
RMmb002 5 12 17 0 .2941
M etriaclim a msobo  Lundo Island Mems-AOOl 15 14 2 31 0 .5 1 7 2 0.5172
Mems-A002
M etriaclim a 'Nankoma B lue' M ena-A006 23 12 3 38 0 .6571 0.4740
M ena-A018 23 25 48 0 .4 7 9 2
M ena-A 8/17 31 51 82 0 .3 7 8 0
M ena-A7/21 21 34 1 56 0 .3 8 1 8
M etriaclim a saulosi MesaNA-A009 40 3 43 0 .9 3 0 2 0 .5718
MesaNA-A005 0 12 12 0 .0 0 0 0
MesaNA-A12 4 4 8 0 .5 0 0 0
Mesa-AOOl 6 1 7 0 .8571
M etriaclim a zebra  Mazinzi Reef MezeMZR-A003 13 15 28 0 .4 6 4 3 0 .3702
MezeMZR-A006 1 24 25 0 .0 4 0 0
Meze-MZR-A9 7 18 25 0 .2 8 0 0
MezeMZR-A005 2 3 2 7 0 .4 0 0 0
MezeMZR-A004 4 2 6 0 .6 6 6 7
Pseudotropheus dakarti Psda-A 005 8 5 1 14 0 .6 1 5 4 0 .6154
Pseudotropheus polit Pspo-A003 7 9 2 18 0 .4 3 7 5 0 .4375
T o ta ls  M a le s F e m a le s U n k n o w n I n d iv id u a ls  A v e ra g e  S e x  R a tio
538 852 45 1435 0 .3 7 6 2
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Figure 3.1: Sex ratios of Lake Malawi cichlid species. Female-biased sex ratios 
have been observed frequently in these families.
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Table 3.3: Results of a single factor ANOVA test performed to determine a variation in sex ratios within each species 
among Lake Malawi cichlid species with more than one family. Eight out of fifteen species were found to be significant 
with asterisks denoting significance P values (M = males, F = female, and Un = unknown individuals).
u>
S p e c ie s F am ilv M F ■ Un T o ta l F v a lu e Fprit d f  fo r  Fcrit P -v a lu e
Aulonocara baenschi Aube-A002/A003/A005/A007 6 7 1 14 1.48 3.55 2,18 0.2541
Aube-A09 2 4 2 8
Aube-A14 8 15 23
Aube-A013 12 3 2 17
M etriaclim a barlowi Mbenji Is MebaMBJ-A003 6 2 1 9 2.83 3.89 2,12 0.0985
MebaMBJ-A009 5 3 8
MebaMBJ-A006 3 7 10
MebaMBJ-AOlO 0 11 11
MebaMBl-Al6 18 5 23
M etriaclim a benetos Mazinzi Reef MebeMZ-A002 11 10 21 5 .23 5.14 2,6 0.0484
MebeMZ-A006 8 13 8 29
MebeMZ-A007 10 22 2 34
M etriaclim a blueberry kom pakt MeblN-AOOl 11 13 24 0.35 18.51 1,2 0 .6123
MeblN-A003 34 18 52
M etriaclim a caiiainos RMcal2 5 13 18 9 .94 18.51 1,2 0.0876
RMcal6 3 21 24
Metriaclim a esterae MeEs-A2 12 4 16
M etriaclim a fainzilberi Lundo Is Me-FaLI-A002 5 12 17 5.83 9 .55 2,3 0.0927
RMFI010 1 25 2 28
M etriaclim a fainzilberi Lundo Pt MefaLP-AOOl 1 21 22 241 .17 9 .55 2,3 0.0005
MeFa LP-A003 2 19 1 22
M etriaclim a lombardoi Melo-AOOl 3 15 1 19 7 .94 3.47 2,21 0 .0027
Melo-A26 18 12 30
Melo-A003 0 5 5
Melo-A017 2 6 8
Melo-A016 7 3 1 11
Melo-A15A 5 8 13
Melo-A15B 3 5 8
Melo-A19 10 13 23
* P < 0.05 
** P <0.01 











SD ecies Fam ilv M F Un T o ta l F v a lu e Fcrit d f  f o r  F c rit P -v a lu e
Metriaclim a phaeos MephNA-AOOl 15 20 1 36 8.34 3.89 2,12 0 .0054 *
MephNA-A006 18 15 2 35
MephNA-A007 10 17 2 29
Meph-A008 4 7 3 14
Meph-A009 6 8 14
Metriaclima pyrsonotus Mepy-A002 14 5 19 10.14 4.96 1,10 0 .0097 **
Mepy-A006 2 12 14
Mepy-AOlO 1 21 22
Mepy-A13 0 29 29
Mepy-A17 8 17 25
Mepy-A14 4 24 28
RMpyOll 0 11 11 8.55 3.89 2,12 0 .0002 ***
RMpy013 0 15 15
RMpy007 8 9 1 18
RMpy012 0 19 19
RMpy018 9 20 29
Metriaclim a m benji Mbenji Is Mebe-A003 2 3 5 2.96 5.14 2,6 0 .1 2 7 6
Memb-A004 5 26 2 33
RMmb002 5 12 17
Metriaclim a msobo Lundo Island Mems-AOOl 15 14 2 31
Mems-A002
Metriaclima 'Nankoma Blue' Mena-A006 23 12 3 38 10.06 4.26 2,9 0.0051 **
M ena-A 0l8 23 25 48
Mena-A8/17 31 51 82
Mena-A7/21 21 34 1 56
Metriaclim a saulosi MesaNA-A009 40 3 43 0.62 5.99 1,6 0 .4626
MesaNA-A005 0 12 12
MesaNA-A12 4 4 8
Mesa-AOOl 6 1 7
Metriaclim a zebra  Mazinzi Reef MezeMZR-A003 13 15 28 4.68 3.89 2,12 0 .0 3 1 4 *
MezeMZR-A006 1 24 25
Meze-MZR-A9 7 18 25
MezeMZR-A005 2 3 2 7
MezeMZR-A004 4 2 6
* P < 0 .05
** P <0.01
*** P <0.001
Table 3.4: Results of a single factor ANOVA test performed to determine a 
variation in sex ratios within each season among the Lake Malawi cichlid 
species. One out of four seasons exhibited a significant variation in sex ratios 
with an asterisk denoting the P value.
S e a s o n a l F v a l u e F c r i t d f  f o r  F c r i t P - v a l u e
Fall ( S e p t  2 5  - D ec  19 ) 0 .8 6 4 .2 0 1 ,2 8 0 .3 6 2 6
W in te r  (D ec  20  - M ar 2 2 ) 2 .2 4 4 .9 6 1 ,1 0 0 .1 6 5 4
S p rin g  (M ar 2 4  - Ju n  2 3 ) 1 3 .2 0 3 .9 9 1 ,6 4 0 .0 0 0 6  *
S u m m e r  (Ju n  2 4  - S e p t  2 4 ) 3 .8 6 4 .3 5 1 ,2 0 0 .0 6 3 4
* P < 0 .0 0 1
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Figure 3.2: Sex ratio by date of fertilization of Lake Malawi cichlid species. Number of observed sex phenotypes for the 
four seasons: a. fall, b. winter, c. spring, d. summer. A strong female biased sex ratio is observed during the spring and 
early summer.
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Figure 3.3: Sex ratio by date of fertilization illustrating a gradual increase in the 
percentages of males observed from December through March.
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Table 3.5: A male (XY) heterogametic sex determination system segregating in Metriaclima benetos Mazinzi Reef family 
MebeMZ-A002. Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked 
markers on LG 5 (WZ) and LG 7 (XY). The maternal alleles are indicated in pink and paternal alleles are blue. All 
females carry the paternal X chromosome (light blue) and males carry the Y chromosome (dark blue).
*
LG 5
Fish Sex Length U N H 2139  cski G M 264A
04L-90 F 213 211 218
221 221 223
U N H 2 1 3 9  cski G M 264A  Fish S ex
192 219 215 04L-27 M
221 219 211
05L-114 F 221 221 223 221 219 211
05L-115 F 213 221 218 192 219 215
05L-124 F 80 213 211 218 221 219 215
05L-128 F 73 213 211 218 221 219 215
05L-129 F 74 213 211 223 192 219 215
05L-130 F 72 213 221 223 192 219 211
05L-131 F 77 221 221 223 221 219 211
05L-132 F 83 221 211 218 221 219 211
05L-133 F 75 221 211 218 221 219 215
05L-134 F 72 213 211 218 221 219 215
05L-116 M 83 221 221 223 192 219 215
05L-117 M 73 221 221 223 192 219 211
05L-118 M 75 213 211 223 221 219 215
05L-119 M 81 no DNA 10 DN/ no DNA no DNA to DN/ no DNA
05L-120 M 78 213 211 218 192 219 215
05L-121 M 87 213 211 223 192 219 215
05L-122 M 83 221 221 223 221 219 211
05L-123 M 81 213 211 218 221 219 211
05L-125 M 80 221 221 223 192 219 215
05L-126 M 80 221 221 223 192 219 215
05L-127 M 81 221 211 223 192 219 215
LG 7
Fish Sex L enath  U N H 2 0 9 5  U N H 2 0 8 6  U N H 20 31 U N H 2 0 9 5  U N H 2 0 8 6  U N H 20 31
04L-90 F 150 164 195 150 157 126
172 195 150 172 195
05L-114 F 150 172 195 150 172 195
05L-115 F 150 172 195 150 172 195
05L-124 F 80 164 195 172 195
05L-128 F 73 150 172 195 150 172 195
05L-129 F 74 150 172 195 150 172 195
05L-130 F 72 150 172 195 150 172 195
05L-131 F 77 150 164 195 150 172 195
05L-132 F 83 150 164 195 150 172 195
05L-133 F 75 150 164 195 150 172 195
05L-134 F 72 150 172 195 150 172 195
05L-116 M 83 172 195 157 126
05L-117 M 73 164 195 157 126
05L-118 M 75 164 195 157 126
05L-119 M 81 no DNA no DNA no DNA no DNA no DNA no DNA
05L-120 M 78 164 195 157 126
05L-121 M 87 164 195 157 126
05L-122 M 83 172 195 157 126
05L-123 M 81 150 164 195 150 157 126
05L-125 M 80 172 195 157 126
05L-126 M 80 150 172 195 150 157 126





213 M 2 M 2
F 3 F 3
221 M 5 M 1
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M 2 M 6
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Table 3.6a: Genotypes of Lake Malawi cichlid species that exhibit a strong 
statistical association with sex (i.e. males) for markers on LG 7. Analysis 
performed using the Pearson X2 test resulting in P values for each test with 
asterisks denoting significant P values.
LG 7
Species Family Marker Genotypes Male Female Pearsons X2 P values
Aulonocara baenschi A ube-A 002 /A 003 /A 005/A 007 UNH 2095 209/133 3 0 8.8 *
N=13 209/145 1 4
133/133 3 0
133/145 0 2








Metriaclima benetos MebeMZ-A002 UNH 2086 164/157 5 0 16.8 * * *
N=20 164/172 1 4
172/157 4 0
172/172 0 6
UNH2031 195/126 9 0 16.364 * * *
195/195 1 10
Metriaclima benetos MebeMZ-A006 UNH 2095 153/153 7 8 1.636 0.2009
N=21 153/163 0 0
163/163 1 5








Metriaclima lombardoi Melo-A026 UNH 2086 172/157 10 0 29 * * *
N=25 172/161 0 8
220/157 3 0
220/161 0 4
N=28 UNH2031 154/135 8 1 24.37 * * *
. 154/166 0 8
162/166 8 0
162/135 0 3
Melo-AOOl UNH2095 103/103 1 1 2.618 0.2701
N=18 103/152 0 5
152/152 2 9
UNH 2086 167/157 1 5
192/157 2 10 0 ■ 1




Metriaclima msobo Lundo Island M em s-A001/A002 UNH2086 154/154 12 4 5.105 *
N=26 154/196 3 7
N=28 UNH2031 162/182 10 1





* P <0.05 
* *  P <0.01 
* * *  P <0.001
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Table 3.6a: Continued
LG 7
SDecies Family M arker Genotypes Male Female Pearsons X2 P values
Metriaclima 'Nankoma blue' Mena-A006 UNH2086 157/157 1 0 13.37 * *
N=27 157/178 3 9
178/178 13 1
Metriaclima phaeos Meph-AOOl UNH 2095 221/157 5 4 10.586 *
N=34 221/98 3 6
0/157 7 2
0/98 0 7
UNH 2086 185/185 0 9 10.689 * * *
185/225 4 1
225/225 11 9
UNH2031 132/173 4 10 2.33 0.1269
193/173 11 9
Metriaclima pyrsonotus RMpy007 UNH973 152/182 4 3 4.074 0.2536
N = 17 152/143 0 3
121/182 2 1
121/143 1 3




N = 15 UNH2031 163/163 1 5 3.616 0.0572
163/137 6 3
Metriaclima pyrsonotus M epy-A002 UNH973 143/139 6 1 2.788 0.4254
N = 17 143/170 3 0
160/139 1 1
160/170 3 2
UNH2095 110/146 7 3 0.565 0.4522
136/146 6 1








Metriaclima zebra Meze-A3 UNH 2086 181/170 1 9 9.279 *
N=26 181/147 7 2
147/170 2 2
147/147 3 1
Pseudotropheus ’dakarti' PadaAOOS UNH 2086 131/161 3 0 8.311 *
N = l l 131/131 0 3
145/161 2 0
145/131 1 2




* P <0.05 
* *  P <0.01 
* * *  P <0.001
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Table 3.6b: Genotypes of Lake Malawi cichlid species that exhibit a strong 
statistical association with sex (i.e. females) for markers on LG 5. Analysis 
performed using the Pearson X2 test resulting in P values for each test with 
asterisks denoting significant P values.
LG 5
Species Fam ily M arker Genotypes M ale Fem ale Pearsons X 2 P values
Metriaclima 'b lueberry ' kom pakt M e b l-A 0 0 1 /A 0 0 3 UNH 2139 191/167 9 14 17.095 * * *
N=76 191/218 4 9
167/167 19 3
167/218 13 4








M etriaclima fa inz ilberi Lundo Is M e faL I-A 00 2 UNH 2139 202/190 2 1 9.66 X
N=17 202/221 2 0
225/190 1 6
225/221 0 5








Metriaclima fa inzilberi Lundo Pt MeFaLP-AOOl UNH2139 169/182 0 7 0.616 0.432
N = 19 229/182 1 11
N=22 cski 209/217 0 10 0.873 0.35
217/217 1 11




M etriaclima pyrsonotus R M py007 UNH2139 196/169 0 6 6.491 *
N = 17 227/196 7 4
cski 221/216 4 7 0.298 0.5851
229/216 3 3
Gm264a 219 5 1 7.137 X
219/236 2 7
236 0 2
M etriaclima pyrsonotus M epy-A 002 UNH2139 194/202 1 1 2.546 0.467
N=19 194/217 2 2
202/202 5 l
202/217 6 1
N=19 cski 215/215 12 5 0.798 0.3716
223/215 2 0




*  P <0.05 
* *  P <0.01 
* * *  P <0.001
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Table 3.7: A male (XY) heterogametic sex determination system segregating in Metriaclima lombardoi family Melo-A026. 
Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked markers on LG 5 (WZ) 
and LG 7 (XY). The maternal alleles are indicated in pink and paternal alleles are blue. On LG 7 all females carry the 
paternal X chromosome (light blue) and males carry the Y chromosome (dark blue).
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Table 3.9: A male (XY) heterogametic sex determination system segregating in Aulonocara baenschi family Aube- 
A002/A003/A005/A007. Below are the parental haplotypes that were reconstructed above the progeny across all sex- 
linked markers on LG 5 (WZ) and LG 7 (XY). The maternal alleles are indicated in pink and paternal alleles are blue. On 
LG 7 all females carry the paternal X chromosome (light blue) and males carry the Y chromosome (dark blue).
LG 5 LG 7
Fish Sex Length UNH2139 cski GM264A UNH2139 cski GM264A Fish Sfi* Fish Sex Length UNH2095 UNH2086 UNH2031 UNH2095 UNH2Q86 UNH2Q31
Aube-f2 F 210 213 207 172 213 207 Aube-m2 M Aube-f2 F 209 155 135 133 155 131
188 225 195 172 227 247 133 182 201 145 143 153
200600293 F 61 210 213 207 172 213 207 200600293 F 61 209 182 201 145 143 153
200600294 F 58 210 225 195 172 213 207 200600294 F 58 155 135 143 153
200600295 F 48 188 213 207 172 213 207 200600295 F 48 133 182 201 145 143 153
200600298 F 60 188 213 207 172 227 247 200600298 F 60 209 155 135 145 143 153
200600299 F 57 210 225 195 172 213 207 200600299 F 57 209 155 135 145 143 153
200600300 F 52 188 213 207 172 213 207 200600300 F 52 133 155 135 145 143 153
200600527 F 51 210 225 207 172 227 247 200600527 F 51 209 155 135 145 143 153
200600291 M 69 188 213 207 172 213 207 200600291 M 69 209 155 135 145 155 131
200600292 M 68 210 225 195 172 213 207 200600292 M 68 209 155 135 133 155 131
200600296 M 62 210 225 195 172 227 247 200600296 M 62 133 182 201 133 155 131
200600526 M 50 210 225 207 172 227 247 200600526 M 50 133 182 201 133 155 131
200600529 M 58 210 213 207 172 227 247 200600529 M 58 209 155 135 133 155 131
200600297 M? 64 210 225 195 172 213 207 200600297 M? 64 133 182 201 133 155 131
200600528 49 210 225 195 172 213 207 200600528 49 209 155 135 133 155 131
UNH2139 17? cski 213 227 GM264A 207 247 UNH209S 133 145 UNH2086 155 143 UNH2031 131 153
210 M 5 213 M 1 M 1 207 M 1 M 2 209 M 3 M 1 155 M 3 M 0 135 M 3 MO
F 4 F 3 F 1 F 3 F 2 F0 F 4 F0 F 5 F0 F 5
UN 1 225 M 2 M2 195 M 2 M 1 UN 1 UNO UN 1 UNO UN 1 UNO
.188 M 1 F 2 F I F 2 F0 133 M 3 M 0 182 M 3 M 0 201 M 3 M 0
F 3 U N I UN 0 UN 1 UN 0 F0 F 2 F0 F 2 F0 F 2










Table 3.10: A male (XY) heterogametic sex determination system segregating in Pseudotropheus ‘dakarti’ family 
Psda005. Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked markers on 
LG 5 (WZ) and LG 7 (XY). The maternal alleles are indicated in pink and paternal alleles are blue. On LG 7 all females 
carry the paternal X chromosome (light blue) and males carry the Y chromosome (dark blue).
LG 5 LG 7
Fish Sex Lenath UNH2139 cski GM264A U N H 2139 cski GM264A Fish Sex Fish Sex Lenath UN H 2095 U N H 2086 U NH 2031 UNH2095 UNH208 6  UNH 2031 Fish Sex
2006000057 F 219 206 224 206 Psdak m l M 2006000057 F 120 131 158 120 161 170 Psdak m l M
270 221 208 221 120 145 184 120 131 158
200600585 F 52 219 224 200600585 F 52 120 131 158 120 131 158
200600587 F 52 170 206 224 221 200600587 F 52 120 145 184 120 131 158
200600588 F 50 170 221 224 221 200600588 F 50 120 131 158 120 131 158
200600597 F 53 170 206 224 221 200600597 F 53 120 145 184 120 131 158
200600591 F? 52 170 206 224 206 200600591 F 52 120 131 158 120 131 158
200600589 M 56 219 206 224 206 200600589 M 56 120 131 158 120 161 170
200600592 M 62 210 206 210 221 200600592 M 62 120 145 184 120 131 170
200600593 M 59 219 206 224 206 200600593 M 59 120 145 184 120 161 170
200600594 M 52 219 206 208 221 200600594 M 52 120 131 158 120 161 170
200600595 M 60 170 206 208 221 200600595 M 60 120 145 184 120 161 170
200600596 M 55 219 221 208 221 200600596 M 55 120 131 120 161
200600590 M? 59 170 206 224 206 200600590 M? 59 120 145 184 120 170
200600584 36 219 206 208 221 200600584 36 120 131 158 120 152? 170
200600586 59 219 206 224 221 200600586 59 120 131 158 120 131 158
UNH2139 GM264A
224 208 206 221 U N H 2086 161 131 UNH203J 170 158
219 M 3 M 2 206 M 3 M 1 131 M 3 M 0 158 M 2 M 0
F 1 FO F F 1 F 0 F 3 F 1 F 3
U 1 221 M 4 145 M 2 M 1 184 M3 M 1











Table 3.11: A female (WZ) heterogametic sex determination system segregating in Metriaclima ‘blueberry kompact’ family 
MeblNA-A001. Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked 
markers on LG 5 (WZ) and LG 7 (XY). The W  chromosome (dark pink) haplotype is 191-208-205 at UNH2139-cski- 
GM264a, orange blotch (OB) females. Blue barred (BB) males carry the Z chromosome (light pink) haplotype 167-218- 
233.
LG 5 LG 7
Fish §£X Lenath Coior UNH2139 cski GM264A UNH2139 cski GM264A Fish Color Sex Fish Sex Lenath Color UNH2095 UNH2086 UNH2031 UNH209S UNH2Q86 UNH2Q31 Fish
04L-75 F OB 191 208 205 167 218 205 No DNA BB M 04L-75 F OB 140 152 157 140 176 168 No DNA
167 218 233 218 226 209 129 4 220 193 129 155 176
04-96 F 70 OB 191 208 205 167 218 205 04-96 F 70 OB 140 152 193 140 176 176
04-98 F 65 OB 191 208 205 218 226 209 04-98 F 65 OB 140 152 157 140 176 168
04-99 66 OB 191 208 205 218 226 209 04-99 F 66 OB 140 220 193 129 155 176
04-100 62 OB 191 208 205 218 226 209 04-100 F 62 OB 129 ? 220 157 129? 155 168
04-101 F 65 OB 191 208 205 167 218 205 04-101 F 65 OB 140 152 157 140 176 168
04-107 64 OB 191 208 205 167 218 205 04-107 F 64 OB 140 152 157 140 155 176
04-109 65 OB 191 208 205 167 218 205 04-109 F 65 OB 140 152 157 140 155 176
04-110 F 58 OB 191 208 205 218 226 209 04-110 F 58 OB 140 152 193 140 155 176
04-111 56 OB 191 208 205 167 218 205 04-111 F 56 OB 140 152 157 140 155 176
04-113 F 72 OB 167 208 205 218 226 209 04-113 F 72 OB 140 152 157 140 176 168
04-114 57 OB 191 208 205 167 218 205 04-114 F 57 OB 140 152 157 140 '155 176
04-117 F 69 OB 191 208 205 218 226 209 04-117 F 69 OB 140 220 193 129 155 176
04-118 F 62 BB 167 218 233 218 218 205 04-118 F 62 BB 152 157 155 176
04-103 M 61 BB 167 218 233 167 218 205 04-103 M 61 BB 140 152 193 140 176 168
04-106 M 70 BB 167 218 233 167 218 205 04-106 M 70 BB 129 220 193 140 176 168
04-108 M 61 BB 167 218 233 218 226 209 04-108 M 61 BB 140 152 157 140 155 176
04-112 M 67 BB 167 218 233 167 218 205 04-112 M 67 BB 129 220 193 140 155 176
04-115 M 62 BB 167 218 233 218 226 205 04-115 M 62 BB 129 220 193 140 176 168
04-116 M 61 BB 167 218 233 218 226 209 04-116 M 61 BB 140 152 157 140 176 168
04-119 M 73 BB 167 218 233 167 218 205 04-119 M 73 BB 129 220 193 140 176 168
04-102 M 58 OB 191 208 205 167 218 209 04-102 M 58 OB 140 152 157 140 176 168
04-104 M 61 OB 191 208 233 167 218 205 04-104 M 61 OB 140 220 193 140 176 168
04-105 M 64 OB 191 208 205 167 218 205 04-105 M 64 OB 129 220 193 140 176 168
04-97 M ? 69 OB 191 208 205 218 226 209 04-97 M ? 69 OB 140 152 157 140 176 168
UNH2139 cski GM264A UNH2086 UNH2031
167 218 218 226 205 209 176 155 168 176
191 M3 M 1 208 M 3 M 1 205 M 1 M 2 152 M 4 M 1 157 M 3 M 1
F 6 F 5 F 6 F 6 F 6 F 6 F 4 F 6 F 4 F 5
167 M 4 M3 218 M 4 M3 233 M 6 M 2 220 M 5 M 1 193 M 6 M 1










Table 3.12: A female (WZ) heterogametic sex determination system segregating in Metriaclima ‘blueberry kompact’ family 
MeblNA-A003. Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked 
markers on LG 5 (WZ) and LG 7 (XY). The W  chromosome (dark pink) haplotype is 191-208-205 at UNH2139-cski- 
GM264a, orange blotch (OB) females. Blue barred (BB) males carry the Z chromosome (light pink) haplotype 167-218- 
233.
S ex Lenath C o lo r U N H 2 13 9  csk i G M 264A U N H 2139 cs k i G M 264A Fish Sex C o lo r Sex Le ng th  C o lo rU N H 2 0 9 5  UNH2Q86 UNH2Q31 UNH2Q95 U N H 2086
04L- 77 F OB 191 208 205 167 218 205 No DNA M B8 041- 77 F OB 140 152 157 140 176 168
167 218 233 218 226 209 129 220 193 129 155 176
04-123 M 67 BB 167 218 233 218 226 209 04-123 M 67 BB 140 152 157 140 176 168
04-125 M 69 BB 167 218 233 218 226 209 04-125 M 69 BB 140 220 193 140 176 168
04-126 M 63 BB 167 218 233 167 218 205 04-126 M 63 BB 129 152 157 140 176 168
04-127 M 65 BB 167 218 233 167 218 205 04-127 M 65 BB 140 220 193 140 176 168
04-128 M 65 BB 167 218 233 218 226 209 04-128 M 65 BB 129 220 193 140 155 176
04-129 M 72 BB 167 218 233 167 218 205 04-129 M 72 BB 129 220 193 140 176 168
04-130 M 72 BB 167 218 233 218 226 209 04-130 M 72 BB 140 152 157 140 155 176
04-131 M 69 BB 167 218 233 167 218 205 04-131 M 69 BB 140 152 1S7 140 155 176
04-132 M 62 BB 167 218 233 167 218 205 04-132 M 62 BB 140 152 157 140 155 176
04-133 M 62 BB 167 218 233 218 226 209 04-133 M 62 BB 140 152 157 140 176 168
04-135 M 71 BB 167 218 233 167 218 205 04-135 M 71 BB 140 220 193 140 176 168
04-136 M 60 BB 167 218 233 218 226 209 04-136 M 60 BB 129 220 193 140 176 168
04-140 M 65 BB 167 218 233 167 218 205 04-140 M 65 8B 140 152 157 140 155 176
04-143 M 66 BB 167 218 233 167 218 205 04-143 M 66 BB 140 152 157 140 176 168
04-146 M 61 BB 167 218 233 167 218 205 04-146 M 61 BB 140 152 157 140 176 168
04-147 M 58 BB 167 218 233 167 218 205 04-147 M 58 BB 140 152 157 140 176 168
04-149 M 53 BB 167 218 233 218 226 209 04-149 M 58 BB 140 152 157 140 155 176
04-150 M 58 BB 167 218 233 167 218 205 04-150 M 58 BB 129 152 157 140 176 168
04-153 M 61 BB 167 218 233 218 226 209 04-153 M 61 BB 140 152 157 140 155 176
04-155 M 59 BB 167 218 233 167 218 205 04-155 M 59 BB 140 152 157 140 155 176
04-159 M 58 BB 191 218 233 167 218 205 04-159 M 58 BB 129 220 193 140 155 176
04-161 M 59 BB 167 218 233 167 218 205 04-161 M 59 BB 140 152 157 140 155 176
04-163 M 60 BB 167 218 233 218 226 209 04-163 M 60 BB 140 152 157 140 155 176
04-165 M 56 BB 167 218 233 167 218 205 04-165 M 56 BB 140 152 157 140 155 176
04-168 M 51 BB 167 208 233 218 218 209 04-168 M 51 BB 129 152 157 140 155 176
04-121 M 72 OB 191 208 205 167 218 209 04-121 M 72 OB 140 152 157 140 176 168
04-122 M 73 OB 191 208 205 167 218 205 04-122 M 73 OB 140 152 157 140 155 176
04-134 M 69 OB 191 208 205 167 218 205 04-134 M 69 OB 140 2.20 193 140 155 176
04-141 M 65 OB 191 208 205 218 226 209 04-141 M 65 OB 140 152 157 140 155 176
04-142 M 65 OB 191 208 205 218 226 209 04-142 M 65 OB 140 152 157 140 176 168
04-144 M 60 OB 167 208 205 167 218 205 04-144 M 60 OB 129 220 193 140 155 176
04-156 M 58 OB 191 208 205 167 226 209 04-156 M 58 OB 140 152 193 140 176 168
04-158 M 64 OB 191 208 205 218 226 209 04-158 M 64 OB 129 152 157 140 155 176
04-164 M 58 OB 191 208 205 167 218 205 04-164 M 58 OB 140 152 157 140 176 168
04-124 F 73 BB 204? 204? 233? 212? 212? 20S? 04-124 F 73 BB 140 155? 148? 140 176 164?
04-172 F 54 BB 167 218 233 167 218 205 04-172 F 54 BB 129 220 193 140 176 168
04-137 F 62 OB 191 208 205 167 218 205 04-137 F 62 OB 129 220 193 140 155 168
04-138 61 OB 191 208 205 167 218 209 04-138 F 61 OB 140 152 157 140 155 176
04-139 F 69 OB 191 208 205 218 218 205 04-139 F 69 OB 140 152 157 140 176 168
04-145 F 61 OB 191 208 205 218 226 209 04-145 61 OB 129 220 193 140 176 168
04-148 F 61 OB 191 208 205 167 218 205 04-148 F 61 OB 140 152 157 140 176 168
04-151 F 58 OB 191 208 205 167 218 205 04-151 F 58 OB 140 152 157 140 155 176
04-152 F 60 OB 191 208 205 218 218 205 04-152 F 60 OB 129 220 193 140 176 168
04-154 62 OB 167 208 205 218 226 209 04-154 F 62 0 8 129 220 193 140 176 168
04-157 F 59 OB 191 208 205 218 226 205 04-157 F 59 OB 220 193 155 176
04-160 F 58 OB 167 208 205 218 226 209 04-160 F 58 OB 140 152 157 140 176 168
04-162 F 58 OB 167 208 205 167 218 205 04-162 58 OB 140 152 157 140 155 176
04-166 F 57 OB 191 208 205 167 218 205 04-166 F 57 OB 140 1S2 157 140 176 168
04-167 F 56 OB 191 208 205 167 218 205 04-167 F 56 OB 129 220 193 140 155 176
04-169 F S3 OB 191 208 205 167 218 205 04-169 F 53 OB 220 193 155 176
04-170 F 56 OB 191 208 205 167 218 205 04-170 F 56 OB 129 220 193 140 176 168
04-171 F 53 OB 167 208 205 167 218 209 04-171 F 53 OB 129 220 193 140 1SS 176
UNH2139 csk i GM 264A UNH2Q86 UNH2Q31
UNH2Q31 Fish Sex
N oDNA M













Table 3.13: A female (WZ) heterogametic sex determination system segregating in Metriaclima fainzilberi Lundo Island 
family MeFaLI-A002. Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked 
markers on LG 5 (WZ) and LG 7 (XY). The W  chromosome (dark pink) haplotype is 225-209-233 at UNH2139-cski- 












U N H 2139  cski G M 2 6 4 A  Fish S e x  C olor Fish
190 219 221 04L-95 M BB 04L-85
221 213 201







U N H 209S  U N H 2Q 86 U N H 2 0 3 1  Fish S ex  Color
111 153 121 04L-95 M BB
143 169 131
04L-65 F 55 BB 202 211 213 190 213 201 04L-65 55 BB 129 235 146 111 153 121
04L-59 F 59 OB 225 209 233 221 213 201 04L-59 59 OB 129 235 146 111 153 121
04L-60 F 53 OB 225 209 233 221 213 201 04L-60 53 OB 129 235 146 111 153 121
04L-62 F 42 OB 225 209 233 190 219 221 04L-62 42 OB 129 235 146 111 153 121
04L-64 F 43 OB 225 209 233 190 219 221 04L-64 43 OB 129 235 146 143 169 131
04L-66 F 53 OB 225 209 233 190 219 221 04L-66 53 OB 129 167 164 143 169 131
04L-68 F 69 OB 225 209 233 190 219 221 04L-68 69 OB 129 235 164 143 169 131
04L-69 F 56 OB 225 209 233 190 219 221 04L-69 56 OB 129 235 146 111 153 121
04L-70 F 47 OB 225 209 233 190 219 221 04L-70 47 OB 129 235 146 143 169 131
04L-71 F 54 OB 225 209 233 221 213 201 04L-71 54 OB 129 235 146 111 153 121
04L-72 F 49 OB 225 209 233 221 213 201 04L-72 49 OB 145 167 146 111 169 131
04L-73 F 56 OB 225 209 233 221 219 221 04L-73 56 OB 129 235 146 111 153 121
04L-57 M 74 BB 202 209 213 221 213 201 04L-57 M 74 BB 129 235 146 143 169 131
04L-58 M 65 BB 202 211 213 190 213 201 04L-58 M 65 BB 129 235 146 111 153 121
04L-61 M 63 BB 225 211- 213 190 219 221 04L-61 M 63 BB 145 167 164 111 153 121
04L-67 M 60 BB 202 211 213 190 219 221 04L-67 M 60 BB 129 235 146 143 169 121
04L-63 M 66 OB 202 211 213 221 213 201 04L-63 M 66 OB 145 167 164 111 153 121
U N H 2 0 9 5 U N H 2 0 8 6 U N H 2 0 3 1
190 221 219 213 221 201 111 143 153 169 121 131
202 M 2 M 2 211 M 1 M 3 213 M 2 M 3 129 M 1 M 2 235 M 1 M 2 146 M 1 M 2
F 1 F0 F0 F 1 F0 F 1 F 7 F 4 F 7 F 3 F 7 F 3
SEX 225 M 1 M 0 SEX 209 M 0 M 1 SEX 233 M 0 M 0 145 M 2 M 0 167 M 2 M 0 164 M 2 M 0










Table 3.14: Both female (WZ) and male (XY) heterogametic sex determination systems are segregating in Metriaclima 
pyrsonotus family Rmpy007. Below are the parental haplotypes that were reconstructed above the progeny across all 
sex-linked markers on LG 5 (WZ) and LG 7 (XY). On LG 5 all orange blotch (OB) female progeny inherited the 169bp 
allele (maternal W  allele) (dark pink) and all blue barred (BB) females inherited 227bp allele (maternal Z allele) (light pink) 
at UNH2139. On LG 7 all BB female carry the entire paternal X chromosome (light blue) and all BB males carry an entire 
Y chromosome (dark blue).
Fish Sex Lenath Color UNH2139 cski GM264A UNH2139 cski GM264A
20055167 F OB 169 216 236 196 221 236
227 216 219 202 229 219
200600243 F 34 OB 169 216 236 196 221 236
200600244 F 35 OB 169 216 236 202 229 219
200600245 F 40 OB 169 216 236 202 229 219
200600246 F 41 OB 169 216 236 196 221 219
200600247 F 45 OB 169 216 236 196 221 236
200600248 F 37 OB 169 216 236 202 229 219
200600252 49 BB 227 216 219 196 221 236
200600253 38 BB 227 216 219 196 221 236
200600254 F 37 BB 227 216 219 196 221 236
200600260 F 35 BB 227 216 219 196 221 219
200600249 M 48 BB 227 216 219 202 229 219
200600250 M 51 BB 227 216 219 196 221 236
200600255 M 46 BB 227 216 219 196 221 236
200600256 M 46 BB 227 216 219 196 221 219
200600257 M? 45 BB 227 216 219 202 229 219
200600259 M 55 BB 227 216 219 202 229 219
200600258 42 BB 227 216 219 202 229 219
200600251 M? 44 BB 227 216 219 196 221 219
UNH 2139 cski GM264A
196 202 221 229 236 219
169 M 3 M 0 216 M 4 M 3 236 M 0
F 3 F 3 F 7 F 3 F 2
227 M 4 M 3 UN 1 219 M 2 M 5




Fish Sex Length Color UNH 973 UNH2095 UNH2Q86 UNH2031 UNH 973 UNH209S UNH2086 UNH2Q31
20055167 F OB 152 154 136 163 182 154 178 137
121 144 206 163 143 144 168 163
200600243 F 34 OB 152 154 136 163 182 154 178 137
200600244 F 35 OB 152 154 163 182 154 137
200600245 F 40 OB 152 154 136 163 143 144 168 194?
200600246 F 41 OB 152 154 136 163 182 154 178 137
200600247 F 45 OB 152 154 163 143 144 163
200600248 F 37 OB 121 144 206 182 154 178 137?
200600252 F 49 BB 121 144 206 163 143 144 168 163
200600253 F 38 BB 121 144 206 163 143 144 168 163
200600254 F 37 BB 152 154 136 163 143 144 168 163
200600260 F 35 BB 121 144 206 163 143 144 168 163
200600249 M 48 BB 152 154 136 163 182 154 178 137
200600250 M 51 BB 121 144 206 163 182 154 178 137
200600255 M 46 BB 152 154 136 163 182 154 178 137
200600256 M 46 BB 152 154 136 163 182 154 178 137
200600257 M? 45 BB 152 154 136 163 182 154 178 137
200600259 M 55 BB 121 144 163 182 154 137
200600258 ? 42 BB 121 144 206 163 182 154 178 137
200600251 M? 44 BB 121 144 206 163 143 144 168 163
UNH 973 UNH2086 UNH2031
182 143 178 168 163 137
Fish Sex Color
20055049 M BB
M 4 M 0 136 M 4 M 0 163 M 1 M 6
F F 3 F 2 F 2 F 5 F 3
M 2 M 1 206 M 1 M 1 UN 1
FI F 3 F 0 F4
UN 1 UN 1
Table 3.15: Metriaclima pyrsonotus family Rmpy-007 with epistatic interactions 
on LG 7 (XY) and LG 5 (WZ) at the sex determination loci. The 169bp allele at 
UNH2139 is fixed to the W  sex determiner and the 178bp allele at UNH2086 is 
fixed to the Y determiner.
" V  LG 7












1 OB females 
0 males





4 BB females 
1 BB males
0 females 
5 BB male 
1 ? BB
56










Table 3.16: Unknown sex determination system associated with Metriaclima saulosi family Mesa-A009. Below are the 
parental haplotypes that were reconstructed above the progeny across all sex-linked markers on LG 5 (WZ) and LG 7 
(XY). The maternal alleles are indicated in pink and paternal alleles are blue.
LG 5 LG 7
Fish Sex Length Color UNH2139 cski GM264A UNH2139 cski GM264A Fish Sex Fish Sax length Color UNH2Q95 UNH2086 UNH2Q31 UNH2095 UNH2086 U N H 2031 Fish Sex
2 0 04 00 14 L 219 216 230 225 216 237 M 20040014L F 133 174 179 133 174 179 M
212 216 225 182 216 230 115 201 179 115 170 179
051001 M 55 bluebody/ye llow  ta il 212 216 225 225 216 237 05L001 M 55 b lu e b o d y /ye llo w  ta il 115 201 179 133 170 179
05L002 M 58 ye llow 219 216 230 225 216 237 05L002 M 58 yellow 115 179 115 179
Q5L004 M 64 blue bar 219 216 230 182 216 230 05L004 M 64 blue bar 115 201 179 133 170 179
05L005 M 62 ye llow 212 216 225 225 216 237 05L005 M 62 ye llow 133 174 179 133 174 179
05L006 M 61 ye llo w /b lack  fin  edges 212 216 225 225 216 237 05L006 M 61 y e llo w /b la ck  fin  edges 115 174? 179 133 170? 179
05L007 M 61 blue w /ye llow  ta il 212 216 225 225 216 237 05L007 M 61 blue w /y e llo w  ta ll 133 174 179 133 174 179
05L008 M 71 B B /ye llow  black ta il 219 216 230 182 216 237 05L008 M 71 B B /ye llow  b lack ta il 115 201 179 115 174 179
05L009 M 69 ye llo w /ye llow  ta il 219 216 230 182 216 230 05L009 M 69 ye llo w /ye llo w  ta il 201 179 174 179
05L010 M 64 b lu e /ye llow  tall 219 216 230 225 216 237 05L010 M 64 b iu e /ye llow  ta ll 115 174? 179 133 170? 179
05L011 M 66 ye llo w /ye llow  ta il 219 216 225 225 216 237 05L011 M 66 ye llo w /ye llo w  ta il 115 174 179 133 174 179
05L012 M 64 ye llow 219 216 230 182 216 230 05L012 M 64 ye llow 133 174 179 133 174 179
05L013 M 59 yellow 219 216 230 182 216 237 05L013 M 59 yellow 133 174 179 133 174 179
05L014 M 61 b lu e /ye llo w  tail 212 216 225 225 216 237 05L014 M 61 b lu e /ye llo w  ta il 115 201 179 115 174 179
05L015 M 62 ye llow 215 216 225 225 216 237 05L015 M 62 yellow 115 201 179 133 174 179
05L016 M 62 212 216 230 182 216 230 05L016 M 62 115 201 179 115 174 179
05L087 M 69 BB 219 216 230 225 216 237 05L087 M 69 BB 115 179 133 179
051088 M 68 BB 219 216 230 225 216 237 05LG88 M 68 BB 115 179 133 179
05L089 M 66 BB 219 216 225 182 216 230 05L089 M 66 BB 115 201 179 133 174 179
05L090 M 61 BB 219 216 230 225 216 237 05L090 M 61 BB 133 174 179 133 170 179
05L091 M 66 BB 191 216 230 225 216 237 05L091 M 66 BB 115 201 179 115 174 179
05L092 M 66 BB 219 216 230 225 216 237 05L092 M 66 BB 115 201 179 133 174 179
05L093 . M 67 yellOw/BB 219 216 230 182 216 230 05L093 M 67 yellOw /BB 115 201 179 115 174 179
05L094 M 68 BBish 219 216 225 182 216 230 05L094 M 68 BBish 133 174? 179 133 174? 179
05L097 M 63 ye llow  barred 219 216 230 225 216 237 05L097 M 63 ye llow  barred 115 179 133 179
05L098 M 63 ye llow  barred 212 216 225 182 216 230 05L098 M 63 ye llow  ba rred 115 174 179 133 170 179
05L099 M 64 ye llow  barred 215 216 230 182 216 230 05L099 M 64 ye llow  ba rred 115 179 115 179
05L100 M 57 ye llow  barred 219 216 230 182 216 230 05L100 M 57 ye llow  ba rred 115 174 179 133 170 179
05L101 M 59 yellow 212 216 225 182 216 230 05L101 M 59 yellow 133 174 179 133 170 179
05L102 M 59 ye llow  barred 219 216 225 182 216 230 05L102 M 59 ye llow  ba rred 115 201 179 115 174 179
05L104 M 64 ye llow  barred 219 216 230 225 216 230 05L104 M 64 ye llow  ba rred 133 174 179 133 170 179
05L105 M 62 ye llow  barred 219 216 230 225 216 237 051105 M 62 ye llow  ba rred 133 174? 179 133 174? 179
05L106 M 55 ye llow  barred 219 216 230 225 216 230 05L106 M 55 ye llow  ba rred 115 174 179 133 170 179
05L108 M 59 yellow 219 216 230 182 216 230 051108 M 59 yellow 115 174 179 133 170 179
05L109 M 62 ye llow  barred 212 216 230 225 216 230 05L109 M 62 ye llow  ba rred 115 179 115 179
05L110 M 63 ye llow  barred 219 216 225 225 216 237 051110 M 63 ye llow  ba rred 133 174 179 133 170 179
05L111 M 63 yellow 216 230 216 237 051111 M 63 yellow 179 179
05L112 M 62 ye llow  barred 212 216 225 182 216 230 051112 M 62 ye llow  ba rred 133 174? 179 133 174? 179
05L113 M 62 yellow 212 216 225 182 216 230 05L113 M 62 yellow 115 174 179 133 170 179
05L003 M? 46 yellow 216 216 225 225 216 237 05L003 M? 46 yellow 115 201 179 133 170 179
05L103 M? 58 ve llow  barred 212 216 230 182 216 237 05L103 M? 58 ve llow  barred 133 174 179 133 170 179
05L095 F 62 ye llow  barred 212 216 225 182 216 237 05L095 62 ye llow  ba rred 133 201 179 133 179
05L096 F 64 ye llow  barred 219 216 230 182 216 230 051096 64 ye llow  barred 174 179 170 179
05L107 F 61 ye llow  barred 219 216 230 182 216 237 05L107 61 ye llow  barred 133 174 179 133 170 179
UNH2139 225 182 GM264A 237 230 UNH2095 133 115 UNH2086 174 170
219 M 12 M 11 230 M 13 M 11 133 M 12 174 M 8 M 12
F 0 F 2 F 1 F 1 F F 0 F 2
212 M 6 M 6 225 M 9 M 5 115 M 17 M 9 201 M 10 M 3










Table 3.17: Unknown sex determination system associated with Metriaclima pyrsonotus family Mepy-A002. Below are 
the parental haplotypes that were reconstructed above the progeny across all sex-linked markers on LG 5 (WZ) and LG 7 
(XY). The maternal alleles are indicated in pink and paternal alleles are blue. A segregation distortion observed at the 
cski locus on LG 5 223bp allele, which is dominant lethal.
LG 5 LG 7
Fish Sex Lenath Color UNH2139 cski G M 264A U N H 2139 cski G M 264A Fish Sex Fish Sex Lenath UNH 9 7 3 UNH2095 UNH2086 U N H 2031 UNH 9 7 3 U N H 2095 UNH2 0 8 6 U N H 2031 Fish Sex
2 0 0 5 0 0 5 5 F BB 202 215 221 217 215 195 2 0 0 5 0 0 5 4 M 20 05 00 55 F 143 136 198 159 170 146 185 173 2 0 0 5 0 0 5 4  M
194 223 232 202 215 243 160 110 21 4 173 139 146 130 168
20 06 00 23 0 F 50 BB 194 215 232 217 215 195 2 0 0 6 0 0 2 3 0 F 50 160 110 21 4 173 170 146 185 173
20 06 00 23 1 F 49 BB 194 215 221 202 215 243 2 0 06 00 23 1 F 4 9 160 110 21 4 173 139 146 130 168
2 0 0 6 0 0 2 3 3 F 51 BB 202 215 202 215 2 0 0 6 0 0 2 3 3 F 51 152? 162? 152? 162?
2 0 0 6 0 0 2 3 4 F 41 BB 194 215 232 217 215 195 2 0 0 6 0 0 2 3 4 F 41 160 110 198 159 170 146 185 173
20 06 00 24 2 F 50 BB 20 2 215 221 217 215 243 2 0 0 6 0 0 2 4 2 F 50 143 136 198 159 139 146 130 168
2 0 0 6 0 0 2 2 4 M 56 BB 20 2 215 221 217 215 195 2 0 0 6 0 0 2 2 4 M 56 143 110 21 4 173 139 146 130 173
2 0 0 6 0 0 2 2 5 M 53 BB 202 215 221 217 215 195 2 0 0 6 0 0 2 2 5 M 53 143 136 198 159 170 146 185 173
20 06 00 22 6 M 65 BB 202 223 232 202 215 243 2 0 0 6 0 0 2 2 6 M 65 110 21 4 159 146 168? 173
2 0 0 6 0 0 2 2 7 M 57 BB 202 215 221 217 215 195 2 0 0 6 0 0 2 2 7 M 57 143 136 198 159 139 146 185 173
20 06 00 22 8 M 56 BB 202 215 221 202 215 243 2 0 0 6 0 0 2 2 8 M 56 160 110 21 4 173 170 146 185 173
20 06 00 22 9 M 52 BB 202 223 221 202 215 243 2 0 0 6 0 0 2 2 9 M 52 143 136 198 159 139 1 6 0 ’ 130
20 06 00 23 2 M 53 BB 202 215 221 217 215 195 2 0 0 6 0 0 2 3 2 M 53 160 110 21 4 173 170 146 185 173
20 06 00 23 5 M 50 BB 202 215 217 215 2 0 0 6 0 0 2 3 5 M 50 143 110 21 4 173 139 146 130 168
2 0 0 6 0 0 2 3 6 M 62 BB 202 215 232 202 215 243 2 0 0 6 0 0 2 3 6 M 62 160 110 21 4 173 139 146 130 173
2 0 0 6 0 0 2 3 7 M 50 BB 194 215 221 217 215 195 2 0 0 6 0 0 2 3 7 M 50 160 110 21 4 173 170 146 185 173
2 0 0 6 0 0 2 3 8 M 51 BB 194 215 232 217 215 195 2 0 0 6 0 0 2 3 8 M 51 143 136 198 159 170 146 185 ' 173
2 0 0 6 0 0 2 3 9 M 60 BB 202 215 232 202 215 243 2 0 0 6 0 0 2 3 9 M 60 143 136 198 159 139 145 130 173
20 06 00 24 0 M 58 BB 194 215 232 202 215 243 2 0 0 6 0 0 2 4 0 M 58 143 136 198 159 170 146 185 173
20 06 00 24 1 M 57 BB 202 215 221 217 215 195 2 0 06 00 24 1 M 57 143 136 198 159 139 146 130 168
UNH 2139 cski GM264A UNH 973 UNH2Q95 UNH2086 UNH2Q31
21 7 202 215 195 243 139 170 146 130 185 173 168
20? M 5 M 5 215 M 12 221 M 6 M 4 143 M 6 M 3 110 M 7 198 M 3 M 4 15 9 M 8 M 1
F 1 F I F 5 F 0 F 2 F 1 F 0 F 3 F 1 F 1 F 2 F 1
194 M 2 M 1 223 M 2 232 M 1 M 2 160 M 1 M 3 136 M 7 214 M 3 M 3 173 M 6 M 1
F 2 F 1 F 0 F 2 F 0 F F 2 F 1 F 1 F 1 F 2 F 1
CHAPTER IV
FINE MAPPING AND CANDIDATE GENES 
Introduction
The purpose of this chapter was to perform breakpoint analyse to fine map 
the sex determination genes (i.e. male (Y) and female (W)). Further, through 
comparative mapping of multiple teleost fish genomes I hope to detect regions of 
synteny to identify candidate genes in each sex determination interval. First, 
recombinant individuals from both male and female sex determination systems 
were collected to construct a breakpoint figure. This analysis identified the sex 
determining intervals, although a lack of consecutive informative markers across 
the sex intervals made it challenging. Then molecular markers defining the sex 
interval allowed us to use comparative genome mapping to identify candidate 
genes that may play a role is sex differentiation.
Male (XY) Sex determination Interval on LG 7
The male (XY) sex locus lies between UNH2095-UNH2031, as illustrated 
by the recombinant individuals that were collected for breakpoint analysis. The 
development of a male phenotype requires a specific region of DNA that encodes 
for sex (i.e. Y locus), which is inherited from the father and shared among all
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male progeny. Hence, the absence of the male sex locus should be observed in 
female phenotypes. Thus, females who inherit a Y allele exclude these regions 
from the male sex interval. Therefore the male sex locus must lie in regions 
where the Y allele is inherited in males. Not all markers at each locus were 
informative for every individual therefore minimal genetic information for more 
than two markers has provided a challenge in determining the male sex locus. 
Based on the marker order for the Streelman 2003 genetic map for LG 7 
individuals from four species Metriaclima lombardoi, M. phaeos, M. benetos, and 
Aulonocara baenschi illustrates that the male sex locus lies between UNH2095- 
UNH2086 (Figure 4.1a). In these families, all of the males and 81.5% of the 
females support the conclusion that the male sex locus is between UNH2095- 
UNH2086. However, 18.5% of the females support the male sex locus between 
UNH2086-UNH2031. Moreover, four other species Metriaclima ‘msobo’, M. 
pyrsonotus, M. ‘Nankoma blue’, and Pseudotropheus 'dakarti' indicate that the 
male sex locus lies between UNH2086-UNH2031 (Figure 4.1b), thus suggesting 
an inversion between UNH2095-UNH2031 in these species. With UNH2086 as 
the fulcrum point and the male sex locus swinging between UNH2095 and 
UNH2031, we can see why two sex intervals are represented. The male sex 
interval between UNH2095-UNH2086 is substantiated by more individuals and 
hence is our main region of interest. Two Metriaclima benetos females from 
family Mebe-A006 provide contradicting information in determining the male sex- 
determining interval. One female, 2006000289, indicates that the sex interval is 
between UNH2095-UNH2086 and the other female, 2006000284, indicates that
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the sex interval is between UNH2086-UNH2031. The latter female, 2006000284, 
may be due to an error identifying the sex phenotype during dissection (marked 
in red). Notes taken at the time of dissection indicate immature sex organs were 
observed in the individual labeled 2006000284. Thus, 2006000284 may be a 
male and this would support the conclusion that the male (XY) sex interval is 
between UNH2095-UNH2031.
This shows that the male (XY) sex interval is between UNH2095- 
UNH2031 with a possible inversion encompassing sex and UNH2086, which is 
why we see two sex intervals between UNH2095-UNH2086 and UNH2086- 
UNH2031. However, our main region of interest is UNH2095-UNH2086 although 
we are not disregarding the sex interval between UNH2086-UNH2031.
Comparative Mapping Results of the Male (XY) Sex Interval
Comparative genome analysis of a closely related teleost fish helped 
identify the corresponding male (XY) sex determination region in Tetraodon 
nigroviridis and in the stickleback (Gasterosteus aculeatus). The male sex 
determination region on LG 7 from the Streelmans2003 mbuna genetic map 
corresponds with determiner with chromosome 4 in Tetraodon nigroviridis. 
Sequences for all four markers (UNH973, UNH2095, UNH2086, and UNH2031) 
were obtained from NCBI. Then a BLASTn (Basic Local Alignment Search Tool, 
nucleotide sequence comparisons) analysis was performed using the stickleback 
(Gasterosteus aculeatus) ensemble
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(www.ensembl.org/Gasterosteus aculeatus). Our BLAST analysis of LG 7 
markers yielded two hits with sequence homology that corresponds with 
chromosome 4 (LG 4), scaffold14752 in Tetraodon nigroviridis genome 
database: UNH2095 at 990kb and UNH2086 at 2.44Mb. The 10cM region in the 
Streelman2003 mbuna genetic map corresponds to 1.54Mb on chromosome 4 
(LG 4), scaffold14752 in Tetraodon nigroviridis genome database (Figure 4.2). 
Four candidate genes lie within this 1.5Mb region in the Tetraodon nigroviridis 
genome. Our BLAST analysis to the stickleback (Gasterosteus aculeatus) 
genome produced three hits with sequence homology from markers on LG7. A 
4.8Mb region in the stickleback chromosome 14 corresponds to UNH973, which 
hit at 11.06Mb, UNH2095 hit at 7.72Mb, and UNH2086 hit at 6.26Mb. The 10cM 
region between UNH2095 and UNH2085 corresponds to a 1.46Mb region in the 
stickleback (Gasterosteus aculeatus) genome.
Female (WZ) Sex determination interval on LG 5
Breakpoint analysis illustrates the female (WZ) sex locus lies between 
UNH2139-cski on LG 5 (Figure 4.3). Development of a female phenotype 
requires a specific region of DNA that encodes for sex (i.e. W  locus), which is 
inherited from the mother and shared among all orange blotch (OB) female 
progeny. Therefore the female sex locus must lie in regions where the W  allele 
is inherited in these females. Hence, the absence of the female sex locus (W  
allele) should be observed in blue barred (BB) male phenotypes. Thus, males
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who inherit a W  allele should exclude these regions from the female sex interval. 
Analysis of OB males and BB females is more complex. Lande et al. (2001) 
suggests that OB males are sex reversed therefore they will be considered 
females for breakpoint analysis. Blue barred (BB) females carry an XXZZ  
genotype where their sex phenotype is determined by another locus on LG 7 and 
will be considered males for breakpoint analysis. Therefore 72.7% of the orange 
blotch (OB) females indicate the sex locus is between UNH2139-cski. Across 
the sex interval these females carry Z-W -W  allele at UNH2139-cski-GM264a. 
One BB male, 04L-61, also carries Z-W -W  alleles across the sex interval. This 
shows that the sex interval is between UNH2139-cski.
Comparative Mapping Results of the Female (WZ) Sex Interval
The same method described above for the male (XY) sex determination 
region using comparative genome analysis aided in the identification of the 
complementary female (WZ) sex determination region on chromosome 11 in 
Tetraodon nigroviridis. The female sex determination region on LG 5 from the 
Streelman2003 mbuna genetic map corresponds with chromosome 11 in 
Tetraodon nigroviridis. Sequences for all three markers (UNH2139, cski, and 
GM264a) were obtained from NCBI. Then a BLASTn (Basic Local Alignment 
Search Tool, nucleotide sequence comparisons) analysis was performed using 
the stickleback (Gasterosteus aculeatus) ensemble 
(www.ensembl.org/Gasterosteus aculeatus). Our BLAST analysis of LG 5
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markers yielded two hits with sequence homology that corresponds with 
chromosome 11 in Tetraodon nigroviridis, cski hit at 4.3Mb and GM264a hit at 
8.72Mb. On the Streelman 2003 mbuna linkage map the distance between cski 
and GM264a is 4.6cM, which corresponds to a 4.42Mb region on chromosome 
11 in Tetraodon nigroviridis genome database (Figure 4.4). Our BLAST analysis 
to the stickleback (Gasterosteus aculeatus) genome produced three hits with 
sequence homology from markers on LG 5. Marker UNH2139 corresponded to 
stickleback (Gasterosteus aculeatus) chromosome 19, which hit at 3.59Mb in 
contig8715. Both cski and GM264a BLASTed to scaffold 27 in stickleback where 
cski hit contig7697 and Gm264a hit contig7664.
Candidate Genes involved in Sexual Differentiation
Our comparative mapping of the male (XY) heterogametic sex 
determination interval in Tetraodon nigroviridis revealed four possible candidate 
genes that may play a role in gonadal sex differentiation. One of these Y-linked 
genes may activate the cascade of genes in the sex determination pathway 
responsible for the development of a male. Keratin is a cytoskeletal protein 
involved in the gonadal primordium (genital ridge) differentiating into Sertoli cells 
that will further develop into testes (Fridmacher et al., 1995). Transcription 
factors regulate the levels of keratin expression observed in rat gonads during 
sexual differentiation (Fridmacher et al., 1995). The fibroblast growth factor 
protein 10 (FGF10) may be similar to FGF9 that increases cellular growth and
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migration of mesonephric cells that signal the regression of the Mullerian duct 
and the development of testes (Ronfani and Blanchl, 2004; Koopman, 2001).
The development of female mice has been observed as a result of FGF9 
mutations (Schmahl et al., 2004). A truncated transcriptional version of the 
human novel retinal pigment epithelial gene (NORPEG) was identified in human 
testes (Yuan et al., 2005). NORPEG was homologous to an actin-associated 
protein involved in the development of testes and spermatogenesis, which is 
similar to cellular cytoskeleton functions (Yuan et al., 2005). The highest level of 
expression was observed in the seminiferous cords of adult mice as well as the 
placental and testes in humans (Kutty et al., 2001). Germ cell-less (gel) plays a 
role in sexual differentiation and is maternally inherited by the incorporation of the 
mRNA into the pole plasma (germ plasma) (Kimura et al., 2003; Maekawa et al., 
2004). In early developmental stages of Drosophila, Jongens et al. (1992) 
identified the germ cell-less (gel) gene involved in the formation of pole cells (i.e. 
precursor germ cells). Drosophila flies missing the germ cell-less gene were 
sterile; therefore they must lack germ cells (Jongens et al., 1992). In mice gel is 
highly expressed in testes during spermatogenesis; however in the absence of 
gel, expression decreased fecundity in male mice has been observed (Maekawa 
et al., 2004; Kimura et al., 2003). In medaka expression is higher in ovaries than 
testes (Scholz et al., 2004). Table 4.3 describes the functional significance of 
these genes as well as their expression (i.e. tissues).
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05L-31 M X------------- Y NI MephNA-AOOl
05L-32 M X------------- Y NI MephNA-AOOl
05L-39 M X------------- Y NI MephNA-AOOl
200600287 M X------------- Y Y Mebe-A006
200600291 M X------------- Y Y Aube-A2/A3/A5










200600224 M X NI X -------------- Y Mepy-A002
200600236 M X NI X -------------- Y Mepy-A002
200600592 M X -------------- Y PsdaA005
200600608 M X -------------- Y Mems-A001/A002
200600622 M X -------------- Y Mems-A001/A002
200600623 M X -------------- Y Mems-A001/A002
200600660 M NI X -------------- Y Mena-A006
200600227 M X NI Y Y Mepy-A002
200600606 M Y 4-------------- X Mems-A001/A002
200600628 M Y 4-------------- X Mems-A001/A002
Figure 4.1: Recombinant individuals from Lake Malawi cichlids species 
segregating with a male (Y) sex determination interval on LG 7 using breakpoint 
analysis based on the marker order for the Streelman 2003 genetic map. The Y  
alleles are dark blue and the paternal X alleles are light blue with arrows 
indicating the direction of the Y sex locus, a. Individuals from four species 
Metriaclima lombardoi, M. phaeos, M. benetos, and Aulonocara baenschi 
illustrate the male sex locus lies between UNH2095-UNH2086. b. Individuals 
from four other species Metriaclima ‘msobo’, M. pyrsonotus, M. ‘Nankoma blue’, 
and Pseudotropheus 'dakarti' illustrate the male sex locus lies between 
UNH2086-UNH2031. The incorrect identification of sex phenotype during 
dissection due to immature sex organs marked in red. (NI=not informative)
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Figure 4.2: Comparative mapping of the male (XY) heterogametic sex 
determination interval in Tetraodon nigroviridis and the Streelman2003 mbuna 
genetic map. The Streelman2003 mbuna genetic map illustrates the 13.5cM sex 
interval that lies between UNH2095 and UNH2031 on LG7, which corresponds to 
chromosome 4 in Tetraodon nigroviridis genome.
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Fish Sex Color I
04-113 F OB Z
04-154 F OB Z
04-160 F OB z
04-162 F OB z
04-171 F OB z
200600244 F O z
200600246 F O z






04-144 M OB z
04-168 M BB
200600255 M BB w
04-159 M BB w










































Figure 4.3: Recombinant individuals from Lake Malawi cichlids species 
segregating with a female (W) sex determination interval on LG 5 between 
UNH2139-cski using breakpoint analyses based on the marker order from the 
Streelman 2003 mbuna genetic map. The maternal W  alleles are dark pink and 
the maternal Z alleles are light pink with arrows indicating the direction of the W  
sex locus. (NI=not informative)
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Tetraodon nigroviridis 
Chr. 11
blu1blu2 OcM Streelman2003 
LG 5 (WZ)
11 Mb



















Figure 4.4: Comparative mapping of the female (WZ) heterogametic sex 
determination interval in Tetraodon nigroviridis and the Streelman2003 mbuna 
genetic map. The Streelman2003 mbuna genetic map illustrates the 12.2cM 
female (WZ) heterogametic sex determination region that corresponds to 
chromosome 11 in the Tetraodon nigroviridis genome.
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Function a nd  ExDression
Involved in gonadal primordium (genital ridge) differentiating into sertolie cells rather than ovarian gransulosa cells. 
Expression during sexual differentiation observed in rat gonads.
R eference
Fridmacher et al., 1995
FGF10
Fibroblast Growth Factor 10 
precursor
Increased cellular growth and migration of mesonephric cell signals the regression of the Mullerian duct. 
Regression o f the Mullerian duct allows the Wolffian duct to develop producing testes.
FGF9 mutations in mice produce female development of sexual organs, 
homozygous mutants are sex reversal: males to  females.
Ronfani and Blanchl, 2004 
Koopman, 2001 
Schmahl et al., 2004;
NORPEG
Novel Retinal Pigment 
Epithelial Gene like protein
In human tissues expression was the highest in the placenta and testes. 
Seminiferous tubles of testes of adult mice had the highest level of expression.
Kutty et al., 2001
gel
Germ cell-less
Role in early sexual differentiation and is maternally transferred.
Lower fe rtilty  in mice have been observed when gel is not expressed, 
mice: highely expressed in testis mostly during spermatogenesis.
Adult zebrafish: mRNA expressed in developing germ cells o f the ovaries and testes. 
Medaka mRNA expression in higher in ovaries than testis.
Kimura et al., 2003 
Maekawa et al., 2004
Li et al., 2006 
Schoiz et al., 2004
CHAPTER V
DISCUSSION, CONCLUSION, AND FUTURE ANALYSIS
Genetic Mechanisms
This survey identified two distinct genetic sex determination systems in the 
Lake Malawi cichlid flock: a male (XY) heterogametic sex determination system 
on LG 7 and a female (WZ) heterogametic sex determination system on LG 5. 
These two sex determination loci are found in a single genus, Metriaclima.
Within Metricalima the male (XY) heterogametic sex determination system has 
been identified in more species than the female (WZ) heterogametic sex 
determination system (Table 5.1). Excellent examples of a purely genetic 
segregation of sex have been observed in male (XY) heterogametic sex 
determination families Metriaclima benetos, M. lombardoi, Aulonocara baenschi 
as well as Pseudotropheus dakarti. In these families, nearly even (i.e. 1:1) 
primary sex ratios were observed. The female (WZ) heterogametic sex 
determination system has thus far only been found in species that exhibit orange 
blotch female phenotypes (Table 5.1). Lande et al. (2001) and Lee et al. (2004) 
have both implied and observed that the presence of the W  allele/chromosome 
overrides the Y allele thereby determining the female sex. A suppressor gene
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carried on the W  chromosome may be the reason the W  is genetically stronger 
than the Y chromosome, which was presented in the Lande et al. (2001) model.
Environmental Effects
Environmental sex determination mechanisms have also been known to 
influence the sex of the individual, thereby effecting sex ratios. In 2006 
temperatures on the baby rack were reaching approximately 33°C during April 
and May. Higher temperatures have been known to cause masculinization in 
tilapia (O. niloticus), which produces male-biased sex ratios (Kitano et al., 1999). 
Although not all species had the same response to these elevated temperatures, 
which is why female -biased sex ratios were still observed in Metriaclima 
pyrsonotus OB and BB families. Another factor contributing to the male-biased 
sex ratios observed may be increased density (i.e. number of individuals) in the 
aquarium while growing to sexual maturity, which Huertas and Cerda (2006) 
observed in eels. Thus, these males must acquire more nutrients during the 
early developmental stages, growing faster, resulting in the ability to hold and 
defend a territory in the aquarium. On the other hand, Huertas and Cerda (2006) 
also observed female biased sex ratios as a product of low density in European 
eels (Anguilla anguilla). This may be why we see a rampant female biased sex 
ratio in our fish facility, where the fish are well feed during the growth to sexual 
maturity. Thus, they are able to allocate enough resources into the production of 
eggs and growth rate or body size may not be affected. More aggressive
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species such as Metriaclima lombardoi and M. zebra can result in the loss of 
individuals. Female biased sex ratios may be a result of aggressive interactions 
among males fighting and dying over territories or social hierarchy.
Epistatic Interactions
Similar patterns occurring in our sister species tilapia have provided us 
with some insight into sex determination mechanisms that are occurring in the 
mbuna haplochromines. Both male (XY) and female (WZ) heterogametic sex 
determination systems were identified in tilapia. However, the mbuna sex 
determination systems are on different linkage groups in tilapia, the male (XY) 
heterogametic sex determination system is on LG 1 and the female (WZ) 
heterogametic sex determination system is on LG 3. After tilapiines and 
haplochromines diverged, their sex chromosomes may have experienced 
constant addition and attrition (i.e. shuffling of the autosomes and sex 
chromosomes) (Ayling and Griffin, 2002). Thus, tilapia and mbuna sex 
chromosomes may have evolved independently of each other and the genes 
responsible for determining sex in these two groups may now be different.
Lee et al. (2004) first identified epistatic interactions occurring among sex- 
determining loci in a single Oreochromis aureus family. I observed a similar 
situation in Metriaclima pyrsonotus family Rmpy0013 where two sex loci were 
segregating. As in tilapia, the Metriaclima W  chromosome trumps the Y 
chromosome, producing females. In the absence to the W  chromosome, males
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are produced. Lee et al., (2004) also noted a suppression of recombination in 
the region surrounding the sex loci on chromosomes 1 and 3 in Oreochromis 
aureus. Analyses of more mbuna families are needed before I can make the 
same conclusion about recombination suppression in Metriaclima.
We may have identified a method to screen for species that are 
experiencing epistatic interactions between two sex loci in a single species.
Thus, any species that exhibits both an orange blotch (OB) and a blue barred 
(BB) phenotype must carry a female (WZ) and a male (XY) sex determination 
system. Our fish facility currently has families growing for analysis of more 
orange blotch species: Metriaclima pysonotus, M. mbenji, and M. fainzilberi 
Lundo Point and Lundo Island. These species should enable us to have a better 
understanding of the epistatic interactions as well as the biased female sex 
ratios. It would be interesting if we could produce super males (i.e. YYZZ) that 
were viable from those species where epistatic interactions were occurring. In 
order to produce these males we would have to know the genotype of the female 
for both sex determination systems (WZXY) and cross her with a known male 
(ZZXY). If we cross a WZXY female with ZZYY males, the sex ratios should be 
1:1. Similarly a W ZXX female crossed with a ZZYY male should yield the same 
1:1 sex ratio as the female genotype (WZXY) stated previously. This approach 
may provide a way to separate sex and color since we would be able to control 
the loci on LG 7. Thus far no recombination between sex and color on LG 5 
have been observed.
Epistatic interactions similar to OB species in Metriaclima pyrsonotus may
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be occurring in Metriaclima caliainos species from Maleri Island site (Ribbink 
Nankoma G). These females express a pearly white phenotype while the males 
express a blue phenotype. During dissections we discovered that blue 
phenotypes were sometimes associated with females, which raises the question 
of whether these females are sex reversed as proposed by Lande et al. (2001) 
for OB males. Sex reversal is considered a rare occurrence. The sex ratios of 
white: blue M. caliainos females were 6W: 5B, almost 1:1 in one family (i.e. 
brood), which has led us to believe that sex reversal may not be the explaination. 
Currently progeny from a blue cross (male x female) are growing out in our fish 
facility. Therefore we can determine if these females are indeed sex reversed by 
analyzing sex ratios among the progeny. The sex ratios produced should be 1F 
(XX): 3M (1 super male (YY), 2 (XY)). If they are not a product of sex reversal 
but are experiencing an epistatic interaction similar to M. pyrsonotus, then each 
female phenotype may in turn be associated with a male (XY) and female (WZ) 
sex determination system.
Sex-Reversal
It has been proposed by Lande et al. (2001) that OB males are sex- 
reversed females. Currently in our fish facility we have progeny growing out from 
an OB cross (i.e. both parents have OB phenotype) in Metriaclima ‘blueberry 
kompact’. Analysis of these progeny would allow us to have a better grasp of the 
genetic composition (genotype) of OB males. Therefore variations in
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optimal/primary sex ratios among progeny from this cross would produce 1M: 3F 
(1 super female WW, 2 WZ), confirming that these males are indeed sex 
reversed females. Similarly to tilapia Lester et al. (1989) discussed extrinsic 
environmental factors that determine the phenotype may override the genetic sex 
determination mechanism, which maybe occurring in Metriaclima ‘blueberry 
kompact’.
Genes in the Candidate Intervals
Comparative genome analysis has helped to characterize sex 
determination intervals in other fish models. In Takifugu rubripes the sex 
determination locus is associated with genes on scaffold 87, 56, 77, and 33 
(Kikuchi et al., 2007). Kikuchi et al. (2007) determined that these scaffolds 
correspond to a homologous region of chromosome 11 in Tetraodon nigroviridis. 
Our female (WZ) heterogametic sex determination interval from the 
Streelman2003 mbuna genetic map corresponds to the same region of T. 
nigroviridis chromosome 11. Further analysis suggests that UNH2139 and cski 
correspond to scaffold 56, and GM264a corresponds to scaffold 79, in T. 
rubripes. It is possible that the same genes are involved in each of these sex 
determination systems.
Charlesworth et al. (2005) proposed that during the evolutionary 
degeneration of sex chromosomes, the heterogametic sex chromosome (i.e. the 
Y or W  chromosome) is prone to inversions. In the male (XY) heterogametic sex
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determination system, an inversion may lie between UNH2095-UNH2031, which 
encompasses sex and UNH2085. This would explain the two distinct intervals 
for the sex locus that are illustrated in the recombinant individuals between 
UNH2095-UNH2086 and UNH2095-UNH2031. Additional markers would enable 
us to define the boundaries of this inversion and narrow the sex interval on LG 7.
Unresolved Sex Determination Systems
The sex determination system of some Lake Malawi cichlid species still 
eludes us. In Metriaclima saulosi further families with optimal sex ratios need to 
be tested in order to determine if either male (XY) or female (WZ) sex 
determination system is segregating in this species. If no association is 
observed with either sex determination system then we should first test tilapia 
sex chromosomes LG 1, LG 3, and LG 23 to see if there is an association with 
sex. If not the hunt for a third sex locus would entail a bulk segregation analysis 
to be performed.
Evolution of Sex Chromosomes
Sex chromosomes are constantly evolving in all organisms. The rate of 
evolution for these chromosomes varies, which is why we see organisms in all 
different stages of this evolutionary process. Morphologically distinct sex 
chromosomes associated with the later stages of the evolutionary process have
77
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been identified in mammals (humans), Drosophi\a melanogaster, and 
Caenorhabdits elegans (Gentilini etal., 1968; Goldstein, 1982; Dennhofer, 1982). 
However, East African cichlids are allowing a rare glimpse into the early stages 
of the evolution of sex chromosomes since no morphologically distinct sex 
chromosome has been identified (Kornfield, 1984). We have been able to show 
that the male (XY) and female (WZ) sex determination gene(s) each originated 
on a single chromosome, which mapped to LG 5 (XY) and LG 7 (WZ). These 
neo-sex chromosomes have not been well examined. Thus, there is an interest 
in gathering data in order to get a better understanding of the evolution of sex 
chromosomes and the mechanisms (i.e. accruing repetitive sequences) involved 
in the degeneration of the Y or W  (Charlesworth et al., 2005). No matter what 
stage in the evolutionary process sex chromosomes are in there are genetic sex 
determination mechanisms that all organisms have producing males and females 
(Wilkins, 2002).
Sex Determination and Soeciation
The aim of this research was to reveal whether there is a difference 
between closely related Lake Malawi cichlids in their sex determination 
mechanisms coupled with speciation. The first step was to survey the 
halpochromine cichlids and determine if male (XY) and female (WZ) 
heterogametic sex determination systems exist. This survey revealed two 
genetic sex determination systems (sex loci) in a single genus Metriaclima as
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well as in two different mbuna genera Aulonocara and Pseudotropheus. 
Moreover, two sex loci are segregating in a single species, Metriaclima 
pyrsonotus. Lande et al. (2001) presented a model of how the female (WZ) sex 
determination system may have arisen from the male (XY) sex determination 
system in the east African cichlids of Lake Victoria and Malawi. These sex 
determination systems are very labile therefore it is possible to have two different 
Y alleles in these lakes since the W  still retains the Y genes. Maybe the 
evolution of the sex determination pathway is occurring simultaneously in these 
rapid pulses of speciation that have been observed/occurring in cichlids. The 
causative gene or genes must have been selected for beneficial reasons such as 
camouflage to hide from predators or for an increased fitness, which might be 
why orange blotch has arisen in the female (WZ) sex determination system 
species we have surveyed. The Kocher et al. (2004) model has suggested these 
beneficial deviations in fitness (i.e. female biased sex ratios) may be the impetus 
that allowed selection to play a role in the evolution of the sex determination 
pathway and speciation in these small effected female (WZ) sex determination 
populations.
I have shown that the sex determination mechanisms do differ among 
closely related cichlid species in Lake Malawi. The Lande et al. (2001) model 
and the Kocher et al. (2004) model speculate on how these sex determination 
pathways have evolved. Although to date they are the most realistic models that 
fit with the current data that has been discussed thus far. Therefore, we may 
only have a small understanding of the evolutionary sex mechanisms and their
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implications in speciation. However, our results discussed above have provided 
a stepping-stone in order to understand the evolutionary sex mechanisms and 
their implications in speciation. The beauty of this ever-evolving process always 
allows for more questions to be raised, such as whether OB males are a product 
of sex reversal. The exploration toward discovering these answers will build the 
tools needed to understand the evolutionary mechanisms involved.
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Table 5.1: Summary of male (XY) and female (WZ) sex determination systems 
associated with Lake Malawi cichlid species.
Soecies LG 5  W Z LG 7  XY F am ilv D ate  F e rt M F vn T o ta l
Metriaclima 'blueberry' kompakt X MeblN-AOOl 9/25/03 11 13 24
X MeblN-A003 10/27/03 34 18 52
Metriaclima fainzilberi Lundo Is X Me-FaLI-A002 10/7/03 5 12 17
Metriaclima fainzilberi Lundo Pt X MefaLP-AOOl 5/12/04 1 21 22




Dwarf Cynotilapia afra ? DCafra-A002 4/13/06 11 15 2 28
Metriaclima barlowi Mbenji Is ? ? MebaMBJ-A003 3/15/04 6 2 1 9
MebaMBJ-A009 9/30/05 5 3 8
MebaMBJ-A006 ~8/27/05 3 7 10
MebaMBJ-AOlO 11/2/05 0 11 11
Metriaclima benetos Mazinzi Reef X MebeMZ-A002 5/14/04 11 10 21
X MebeMZ-A006 12/17/05 8 13 8 29
MebeMZ-A007 4/14/06 10 22 2 34
Metriaclima lombardoi X Melo-AOOl 10/15/03 3 15 1 19
X Melo-A26 2/22/06 18 12 30
Metriaclima msobo Lundo Island X Mems-AOOl 3/18/06 15 14 2 31
X Mems-A002 3/15/06
Metriaclima nankoma blue X Mena-A006 4/9 /06 23 12 3 38
Metriaclima phaeos X MephNA-AOOl 11/17/03 15 19 1 35
X MephNA-A006 4/8 /06 18 15 2 35
MephNA-A007 4/14/06 11 16 2 29
Metriaclima pyrsonotus ? Mepy-A002 10/11/05 14 5 19
X RMpy007 1/24/06 8 9 1 18
? Mepy-A006 11/29/05 2 12 14
X RMpy013 4/4 /06 0 15 15
Metriaclima saulosi ? ? MesaNA-A009 3/6/04 40 3 43
MesaNA-A005 12/10/03 0 12 12
MesaNA-A12 10/25/05 4 4 8
Metriaclima zebra Mazinzi Reef X MezeMZR-A003 ~5/16/05 13 15 28
X MezeMZR-A006 4/26/06 1 24 25
Pseudotropheus dakarti X Psda-A005 2/22/05 8 5 1 14
To ta l 304 361 27 692
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Table A .1: A male (XY) heterogametic sex determination system segregating in Metriaclima benetos Mazinzi Reef family 
MebeMZ-A006. Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked 
markers on LG 5 (WZ) and LG 7 (XY). The maternal alleles are indicated in pink and paternal alleles are blue. All 
females carry the paternal X chromosome (light blue) and males carry the Y chromosome (dark blue).
OO
LG 5 LG 7
Fish Sex Length UNH2139 cski GM264A UNH2139 cski GM264A Fish S£K Fish Sex Length UNH2095 UNH2086 UNH2031 UNH2095 UNH2086 UNH2031
200555153 F 228 221 215 220 221 225 20055091 M 200555153 F 153 172 183 153 157 126
211 211 219 192 217 219 163 149 187 163 172 195
200600270 F 36 228 221 219 220 221 219 200600270 F 36 153 172 183 153 172 195
200600274 F 55 228 221 215 192 217 225 200600274 F 55 153 172 183 153 172 195
200600275 F 46 211 211 219 192 217 219 200600275 F 46 153 149 187 153 172 195
200600276 F 43 211 211 215 192 217 219 200600276 F 43 163 149 187 163 172 195
200600277 F 50 228 221 219 220 221 219 200600277 F 50 163 149 187 163 172 195
200600278 F 48 228 221 215 220 221 225 200600278 F 48 163 149 187 163 172 195
200600281 F 55 211 211 215 220 221 225 200600281 F 55 153 172 183 153 172 195
200600283 F 43 211 211 215 192 217 225 200600283 F 43 153 172 183 153 172 195
200600284 F 45 228 221 215 192 217 225 200600284 F 45 153 172 183 153 157 195
200600285 F 47 228 221 215 192 217 219 200600285 F 47 153 172 183 153 172 195
200600289 F 52 228 221 215 220 221 219 200600289 F 52 163 172 187 163 157 126
200600501 F 51 211 211 215 220 221 225 200600501 F 51 153 149 183 153 172 195
200600504 F 42 211 211 219 192 217 219 200600504 F 42 163 149 187 163 172 195
200600279 M 53 228 221 215 192 217 225 200600279 M 53 153 172 183 153 157 126
200600280 M 43 228 221 219 220 221 219 200600280 M 43 153 172 183 153 157 126
200600282 M 50 228 221 215 220 221 225 200600282 M 50 153 172 183 153 157 126
200600286 M 57 228 221 215 192 221 219 200600286 M 57 153 172 183 153 157 126
200600287 M 61 211 211 219 192 217 225 200600287 M 61 163 149 187 163 157 126
200600288 M 59 211 211 219 192 217 219 200600288 M 59 153 149 183 153 157 126
200600290 M? 46 228 221 219 220 221 225 200600290 M? 46 153 172 183 153 172 126
200600503 45 211 211 219 220 221 225 200600503 M? 45 153 172 183 153 157 126
200600266 34 228 221 192 217 200600266 34 163 149 187 163 . 157 126
200600267 37 228 221 215 220 221 219 200600267 37 163 149 187 163 157 126
200600268 40 211 211 219 192 217 225 200600268 40 153 172 183 153 157 126
200600269 37 228 221 215 192 217 225 200600269 37 153 172 183 153 157 126
200600271 47 211 211 215 220 221 225 200600271 47 163 149 187 163 157 126
200600272 38 211 211 219 192 221 225 200600272 38 153 149 187 153 157 126
200600273 41 228 221 215 220 221 225 200600273 41 153 172 183 153 157 126
200600502 44 211 211 215 220 221 225 200600502 44 163 187 163 195
UNH2139 770 192 cski 221 217 GM264A 225 219 UNH2095 UNH2086 UNH2031
228 M 3 M 2 221 M 4 M 1 21S M 2 M 1 153 163 157 172 126 195
F 4 F 3 F 4 F 3 F 6 F 3 153 M 7 M 0 172 M 5 M 1 183 M 7 M 0
UN 2 UN2 UN 2 UN 2 UN 4 UN 1 F8 F0 F 2 F 5 F0 F 7
211 M 1 M 2 211 M 1 M 2 219 M 3 M 2 UN 4 UN 0 UN 3 UN 0 UN 3 UN 0
F? F 4 F 2 F 4 F0 F 4 163 M 0 M 1 149 M 2 M 0 187 M 1 M 0
UN 7 UN 2 UN 3 UN 1 UN 2 UN 0 F0 F 5 F0 F 6 F 1 F 5










Table A.2: A male (XY) heterogametic sex determination system segregating in Metriaclima lombardoi family Melo-A001. 
Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked markers on LG 5 (WZ) 
and LG 7 (XY). The maternal alleles are indicated in pink and paternal alleles are blue.
00Ul
Lenoth UNH2139 cski GM264A UNH2139 cski GM264A Fish Sex Color UNH2095 UNH2086 UNH2031 UNH2095 UNH2086 UNH2031 Fish Sex
F 214 221 210 169 216 207 04L -28 M No DNA F 152 192 173 152 157 133
194 213 220 214 221 230 103 167 153 103 157 175
400002 F 55 blue putative 214 221 210 214 216 230 400002 F 55 103 167 153 103 157 133
400003 F 52 blue 214 221 220 214 216 230 400003 F 52 103 192 173 152 157 133
400004 F 51 yellow/blue putative 214 221 220 169 221 207 400004 F 51 152 192 172? 152 157 172?
400008 F 52 blue 214 213 210 169 221 207 400008 F 52 152 192 173 103 157 133
400009 F 50 blue 214 221 220 214 216 207 400009 F 50 152 167 153 152 157 175
400010 F undevelop folides 49 blue 194 213 210 169 221 207 400010 F undev folides 49 152 192 173 103 157 133
400011 F 49 blue 194 213 210 169 221 207 400011 F 49 103 192 173 152 157 133
400012 F 48 blue 194 213 210 169 221 207 400012 F 48 152 192 173 103 157 133
400013 F 47 blue 214 221 210 214 221 230 400013 F 47 152 167 153 152 157 175
400051 imm. F 60 blue 194 213 210 169 221 207 400051 imm. F 60 152 192 173 152 157 133
400052 imm, F 60 blue 214 221 220 214 216 230 400052 imm. F 60 152 192 153 152 157 175
400053 imm. F 55 blue 214 221 220 169 216 207 400053 imm. F 55 152 192 173 152 157 175
400054 imm. F 57 blue 194 213 210 214 216 230 400054 imm. F 57 152 167 153 152 157 175
400055 imm. F 55 blue 214 221 210 169 221 230 400055 imm. F 55 152 167 173 152 157 175
400056 imm. F 58 blue 194 213 220 214 216 230 400056 imm. F 58 152 192 173 152 157 175
400001 M 56 1st yelllow male? 214 221 220 214 216 230 400001 M 56 103 167 153 103 157 133
400005 M 53 blue 214 213 210 214 216 230 400005 M 53 152 192 173 152 157 133
400007 M? no follicles 48 blue 214 213 210 169 221 207 400007 M? no follicles 48 103 192 173 152 157 133
400006 gonads not recov 47 blue 214 221 210 169 221 207 400006 gonads not recov 47 152 192 173 152 157 175
UNH2139 cski GM264A UNH2095 UNH2086 UNH2031
169 214 216 221 207 230 152 103 157 133 175
214 M 1 M 2 221 M 1 M 0 210 M 1 M 1 152 M 1 192 M 2 173 M 2 M 0
F 4 F 5 F 6 F 3 F 5 F 4 F 10 F 10 F 6 F 3
UN 1 UN 1 UN 1 UN 1 UN 1 UN 1
194 M 0 M 0 213 M 1 M 1 220 M 0 M 1 103 M 1 M 1 167 M 1 153 M 1 M 0










Table A.3: A male (XY) heterogametic sex determination system segregating in Metriaclima msobo family Mems- 
A001/A002. Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked markers 
on LG 5 (WZ) and LG 7 (XY). The maternal alleles are indicated in pink and paternal alleles are blue. Females carry the 
paternal X chromosome (light blue) and males carry the Y chromosome (dark blue). Two families were combined during 
growth to sexual maturity, half sib because they share the same father, two females.
00C\
LG 5 LG 7
Fish Sfi* Length UNH2139 cski GM264A UNH2139 cski GM264A Fish Sex Color Fish §sx Length UNH2Q95 UNH2086UNH2031 UNH2095 UNH2086 UNH2031 Fish Sex
2006000063 F 244 211 217 188 223 230 200600150 M 2006000063 F 154 162 141 154 182 200600150 M
216 232 239 223 230 154 162 157 196 205
2006000064 F(2) 188 220 217 2006000064 F (2) 154 205
188 225 232 154 168
200600598 F 45 225/229 238 238 200600598 F 45 154 162 154 182
200600600 F 45 188 232 188 230 200600600 F 45 154 205 205
200600602 F 53 244 217 188 230 200600602 F 53 154 168? 154 168?
200600603 54 244 217 188 230 200600603 F 54 154 168 196 205
200600604 F 51 244 217 239 230 200600604 F 51 154 162 196 205
200600607 F 49 244 217 188 230 200600607 F 49 154 162 196 205
200600609 F 46 216 217 239 230 200600609 F 46 154 162 196 205
200600610 F 45 188 232 188 230 200600610 F 45 205 196 205
200600612 F 43 232 230 200600612 F 43 154 162 154 182
200600613 F 44 188 217 188 230 200600613 F 44 205 196 205
200600614 F 47 244 217 188 230 200600614 F 47 154 162 154 205
200600615 F 56 188 217 188 230 200600615 F 56 154 162 196 205
200600617 F 45 188 232 188 230 200600617 F 45 154 162 196 205
200600624 F 57 188 217 188 230 200600624 F 57 154 162 196 205
200600601 M 49 244 232 188 230 200600601 M 49 154 162 154 182
200600605 M 51 244 232 188 230 200600605 M 51 154 162 154 182
200600606 M 46 244 232 239 230 200600606 M 46 154 205 154 205
200600608 M 51 244 217 188 230 200600608 M 51 154 205 196 182
200600611 M 50 244 232 188 230 200600611 M 50 154 162 154 182
200600616 M 44 244 217 239 230 200600616 M 44 154 162 154 182
200600618 M 48 244 232 188 230 200600618 M 48 154 162 154 182
200600619 M 48 188 232 188 230 200600619 M 48 154 162 154 182
200600621 M 48 244 232 188 230 200600621 M 48 154 162 154 182
200600622 M 51 244 232 188 230 200600622 M 51 154 205 196 182
200600623 M 57 244 217 188 230 200600623 M 57 154 162 196 182
200600625 M 65 244 217 188 230 200600625 M 65 154 162 154 182
200600626 M 64 188 217 188 230 200600626 M 64 154 168 154 182
200600627 M 65 244 217 188 230 200600627 M 65 154 162 154 182
200600628 M 58 244 217 188 230 200600628 M 58 154 168 154 205
200600599 37 244 232 239 230 200600599 ? 37 154 162 196 205
200600620 46 216 217 188 230 200600620 ? 46 154 162 154 205
UNH2139 188 239 GM264A 230 UNH2086 154 196 UNH2031 182 205
244 M 11 M 2 217 M 7 154 M 12 M 3 162 M 10 M 0
F 4 F 1 F 9 F 4 F 9 F 2 F 7
216 M 0 M 0 U 1 U 1 U 1 U 2
F0 F 1 232 M 8
U 1 F4 182 205
U 205 M 2 M 1 Female 2
188 239 F0 F 2
188 M 2 M 0 female 2 168 M 1 M 1
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Table A.5: A male (XY) heterogametic sex determination system segregating in Metriaclima zebra Mazinzi Reef family 
Meze-A003. Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked markers 
on LG 5 (WZ) and LG 7 (XY). The maternal alleles are indicated in pink and paternal alleles are blue. All females carry 
the paternal X chromosome (light blue) and males carry the Y chromosome (dark blue).
LG 5 LG 7
Fish Sex Length UNH2139 cski G M 264A UNH 2139 cski G M 264A Fish Sex Fish Sex Length U N H 2095 U N H 2086 U N H 2031 U N H 2095 U N H 20 86 U N H 20 3 1  Fish Sex
Meze F22 F 223 220 223 223 220 223 Meze m i l M Meze F22 F 181 165 147 165 Meze m i l M
223 217 230 215 220 223 147 195 170 165
200600001 F 223 220 230 223 220 223 200600001 F 181 165 170 165
200600002 F 56 223 220 230 223 220 223 200600002 F 56 181 165 170 165
200600004 F 54 223 220 223 223 220 223 200600004 F 54 147 195 170 165
200600009 F 62 211? 210? 209? 211? 210? 219? 200600009 F 62 166? 151? 166? 165
200600011 F 55 223 220 223 223 220 223 200600011 F 55 147 195 170 165
200600012 F 56 223 217 223 223 220 223 200600012 F 56 181 165 147 165
200600016 F 56 223 220 223 223 220 223 200600016 56 147 195 147 165
200600018 F 57 223 220 223 215 220 223 200600018 F 57 181 165 170 165
200600020 57 223 217 230 215 220 223 200600020 57 181 165 170 165
200600023 F 56 223 220 223 215 220 223 200600023 F 56 181 165 170 165
200600024 F 54 223 217 230 223 220 223 200600024 F 54 181 165 170 165
200600025 F 53 223 217 230 215 220 223 200600025 F 53 181 165 170 165
200600026 F 50 223 220 223 223 220 223 200600026 F 50 181 165 170 165
200600027 F 51 223 217 230 223 220 223 200600027 F 51 181 165 170 165
200600028 F 53 223 220 230 215 220 223 200600028 F 53 181 165 147 165
200600003 M 63 223 220 223 223 220 223 200600003 M 63 147 195 147 165
200600005 M 53 223 220 230 215 220 223 200600005 M 53 147 165 147 165
200600006 M 63 223 220 223 215 220 223 200600006 M 63 181 165 147 165
200600007 M 63 223 220 223 223 220 223 200600007 M 63 181 165 147 165
200600008 M 61 223 217 230 215 220 223 200600008 M 61 147 195 170 165
200600010 M 60 223 220 223 223 220 223 200600010 M 60 181 165 147 165
200600013 M 59 223 217 230 223 220 223 200600013 M 59 181 165 147 165
200600014 M 57 223 220 223 215 220 223 200600014 M 57 181 165 147 165
200600015 M 58 223 220 223 215 220 223 200600015 M 58 181 165 147 165
200600017 M 57 223 217 230 223 220 223 200600017 M 57 147 195 147 165
200600019 M 54 223 220 230 215 220 223 200600019 M 54 181 165 170 165
200600022 M 52 223 217 223 215 220 223 200600022 M 52 181 165 147 165
200600021 M? 51 223 220 223 223 220 223 200600021 M? 51 147 195 170 165
UNH 2139 cski G M264a U N H 2086 U N H 2031
223 215 220 223 170 147 165
223 M 6 M 7 220 M 9 223 M 8 181 M M 7 165 M 9
F 9 F 5 F 9 F 7 F 9 F 2 F 11
217 M 4 220 M 5 147 M 2 M 3 195 M 4











Table S.6: A female (WZ) heterogametic sex determination system segregating in Metriaclima fainzilberi family Lundo 
Point MeFaLP-A001. Below are the parental haplotypes that were reconstructed above the progeny across all sex-linked 
markers on LG 5 (WZ) and LG 7 (XY). The W  chromosome (dark pink) haplotype is 169-209-217 at UNH2139-cski- 
GM264a. The blue barred (BB) males carry the Z chromosome (light pink) haplotype 229-217-225.
00
VO
Fish S ex  Length  C oior U N H 2 1 3 9  cski G M 2 6 4 A
05L-083 F OB 169 209 217
229 217 225
U N H 2 1 3 9  cski G M 2 6 4 A  Fish S e x
182 217 224 05L-084 M
182 217 221
Fish S e x  Len g th  C oior U N H 2 0 9 5  U N H 2 0 8 6  U N H 2 0 3 1
05L-083 F OB 140 164 189
104 153 135
U N H 2Q 95 U N H 2 0 8 6  U N H 2 0 3 1  Fish S ex
134 164 124 05L-084 M
120 149 142
05L-065 55 OB 198 209 225 182 217 224 05L-065 55 OB 129 153 189 134 164 124
05L-066 F 64 OB 198 209 225 182 217 224 05L-066 F 64 OB 140 164 134 164
05L-067 F 57 OB 229 217 225 182 217 224 05L-067 57 OB 104 153 135 134 149 124
05L-068 62 OB 169 209 217 182 217 224 05L-068 62 OB 104 153 135 120 149 142
05L-069 54 OB 169 209 217 182 217 224 05L-069 54 OB 140 164 189 134 164 124
05L-070 F 51 OB 169 209 217 182 217 224 05L-070 F 51 OB 153 135 149 142
05L-071 49 OB 169/227 209 217 182 217 224 05L-071 49 OB 140 153 189 120 164 142
05L-072 49 OB 169 209 217 182 217 224 05L-072 49 OB 104 153 135 120 149 142
05L-073 F 59 OB 169 209 217 182 217 224 05L-073 59 OB 104 153 135 134 149 124
05L-074 54 OB 169 209 225 182 217 221 05L-074 54 OB 140 164 189 134 149 142
05L-075 52 OB 169 209 217 182 217 221 05L-075 52 OB 140 164 189 134 164 124
05L-076 66 BB 229 217 225 182 217 221 05L-076 F 66 BB 140 164 189 134 164 124
05L-077 57 BB 229 217 225 182 217 221 05L-077 57 BB 104 153 135 134 149 124
05L-078 62 BB 229 217 225 182 217 224 05L-078 62 BB 140 164 189 120 149 142
05L-079 56 BB 229 217 225 182 217 224 05L-079 F 56 BB 104 153 135 134 149 124
05L-080 F 55 BB 229 217 225 182 217 224 05L-080 F 55 BB 104 153 135 120 149 142
05L-081 55 BB 229 217 217 182 217 224 05L-081 55 BB 104 153 135 120 149 142
05L-082 F 61 BB 229 217 225 182 217 221 05L-082 F 61 BB 140 164 189 134 164 124
05L-083 60 8B 229 217 225 182 217 224 05L-083 60 BB 140 164 189 134 164 124
05L-084 61 BB 229 217 225 182 217 221 05L-084 61 BB 140 164 189 120 149 142
05L-085 55 BB 229 217 225 182 217 221 05L-085 F 55 BB 140 164 135 120 164 142
05L-086 M BB 229 217 217? 182 217 224 05L-086 M BB 140 189 134 124
U N H 2 1 3 9 182 cski 217 G M 2 6 4 A 224 221 U N H 209B 134 120 U N H 2 0 8 6 164 149 U N H 2 0 3 1 124 142
169 M 0 209 M 0 217 M 1 M 0 140 M 1 M 0 164 M 0 M 0 189 M 1 M 0
F 9 F 10 F 7 F 1 F 7 F 4 F 7 F 3 F 6 F 4
229 M 1 217 M 1 225 M O M 0 104 M 0 M 0 153 M 0 M 0 135 M 0 M 0











Table A.7: Unknown sex determination system associated with Metriaclima pyrsonotus family Mepy-A006. Below are the 
parental haplotypes that were reconstructed above the progeny across all sex-linked markers on LG 5 (WZ) and LG 7 
(XY). The maternal alleles are indicated in pink and paternal alleles are blue.
LG 5 LG 7
Fish Sfix Length Color U N H 2139 cski G M 264A U N H 2 1 3 9  cski G M 264A  Fish Sex Color Fish SfiX Length Color U NH2Q 9S U N H 2Q 86 U N H 2Q 31 UNH2Q95 U N H 2086 U N H 2031  Fish C olor
2005-5121 BB 194 215 221 217 215 195 05-5054 M BB 2005-5121 BB 146 161 154 146 185 173 05-5054 M BB
202 215 201 202 215 243 146 154 139 146 130 168
200600571 56 BB 194 215 221 202 215 243 200600571 F 56 BB 146 161 139 146 130 168
200600572 45 BB 202 215 202 215 200600572 F 45 BB 146 154 205? 146 185 162?
200600573 55 BB 194 215 221 217 215 195 200600573 55 BB 146 161 139 146 185 173
200600574 57 BB 202 215 217 215 200600574 57 BB 146 161 154 146 185 173
200600575 49 BB 202 215 217 215 200600575 F 49 BB 157 ? 161 154 146 130 168
200600576 F 56 BB 202 215 221 217 215 243 200600576 56 BB 157 ? 161 154 146 130 168
200600577 54 BB 194 215 221 217 215 195 200600577 F 54 BB 146 161 146 185
200600578 50 BB 215 221 215 243 200600578 F 50 BB 146 161 154 146 185 173
200600579 F 59 BB 194 215 221 202 215 243 200600579 59 BB 146 161 139 146 185 173
200600580 50 BB 194 215 221 202 215 243 200600580 F 50 BB 146 161 139 146 185 173
200600581 54 BB 202 215 201 202 215 200600581 F 54 BB 157 ? 161 154 146 185 173
200600582 53 BB 202 215 201 217 215 195 200600582 53 BB 157 ? 161 154 146 130 168
200600570 M 43 BB 200600570 M 43 BB 146 154 162? 146 173
200600583 M 60 BB 194 215 221 217 215 195 200600583 M 60 BB 157 ? 161 154 146 185 173
U N H 2139 U N H 2 0 8 6 185 130 U N H 2 0 3 1 173 168
217 202 G M 264A 195 243 161 M 1 M 0 154 M 1 M 0
194 M 1 M 0 221 M 1 M 0 F 7 F 4 F 3 F 3
F 2 F 3 F 2 F 5 154 M 0 M 0 139 M 0 M 0
202 M 0 M 0 201 M 0 M 0 F 1 F 0 F 3 F 1
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